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Preface to the Fifth Edition

AT THE trangition to the new millennium the future of nuclear energy looks
brighter. Nuclear power plants worldwide have operated safely.
Applications for extension of reactor operating licenses in the U.S. are in
place and construction is continuing abroad.

Uses of isotopes and radiation in applications to medicine, research, and
industry continue to assure human benefit. Research and development are
active in the areas of controlled fusion, accelerator uses, isotope separation,
space exploration, and excess wegpons materia disposition.

Unfortunately, progress toward solutions for the nuclear waste problem
has been frustratingly slow. And there are no new orders for nuclear plants
inthe U.S.

Controversies surround the validity of the linear no-threshold modd of
the effect of low-level radiation and the anticipated consequences to climate
of the buildup of greenhouse gases.

It is the author’s firm belief that nuclear power will be necessary in the
twenty-first century, as world population continues to grow, expectations
for a better life are sought, and energy demands increase.

The phenomenon of the Internet is dramaticaly changing
communication of information and knowledge, including education a dl
levels. This new edition of the book includes citations to sites on the World
Wide Web in addition to references in the print media. The author has
explored the Web extensively, searching for Sites that are relevant, useful,
and accurate. However, the reader must beware of sites hat become
outdated or vanish. Further comments on the Internet appear in the
Appendix.

A few new Exercises are included in the fifth edition. The diskette
containing programs in BASIC for use with Computer Exercises is now
available free of charge on request from the author.

The author hopes that the book will continue to serve in the orientation
and education of the next generation of nuclear professionals and leaders, as
well as being helpful to scientists and engineers in related fields.
Communication ty e-mail (murray@eos.ncsu.edu) with teachers, students,
and other users of the book will be most welcome.

Many persons have provided valuable ideas and information. They are
recognized at appropriate points in the book. The advice and assistance of
Michael Forster, Cate Rickard-Barr, and Lisa Jely of Butterworth-
Heinemann was most helpful. Specid thanks are due Nancy Reid Baker for
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viii Preface to the Fifth Edition

vital computer support, for preparation of new artwork, and for formatting
the fina cameraready copy. Findly, the author is grateful for the
encouragement provided by his wife, Elizabeth Reid Murray.

Raleigh, North Carolina, 2000 RAYMOND L. MURRAY



Preface to the Fourth Edition

WORLD EVENTS in the early 1990s have accentuated the benefits of nuclear
energy. The political revolutions in Eastern Europe and the U.SSR. have
produced welcome relief in international tensions between the superpowers,
with opportunity for the West to assist in enhancement of safety of reactors.

The end of the Cold War produced a “peace dividend” for the U.S. that
can help in solving socid and financid problems. Weapons and their
production capability can be phased out, and there remain scores of
contaminated facilities to dedl with.

Military aspects of space can now be de-emphasized, with the prospect
of space exploration using nuclear propulsion and nuclear power sources.

The nuclear industry has taken bold positive steps to develop new and
better nuclear power reactors, while the U.S. government and states
continue to attack the problem of disposal of radioactive wastes. The public
appears to better recognize the need for nuclear power, but remains
reluctant to accept facilities to implement it. The beneficia uses of nuclear
energy continue to grow, including the application of radioisotopes and
radiation to medical diagnosis, treatment, and research.

Regulatory policies in the U.S. that have hampered investment in
nuclear power plants have largely been resolved by congressiond action. At
the same time, the laws encourage competition by aternative energy
sources.

It is the author’s belief that nuclear power will be necessary, as world
population continues to grow, as expectations for better lives for people of
the world are sought, but as the limits of energy efficiency are reached and
fossil fuel resources become scarce.

Leadership in the technology of a closed fuel cycle- enrichment, new
reactor congtruction, breeding, and reprocessing- has been assumed by
countries such as France and Japan. In the U.S., expertise necessary to
maintain and expand the nuclear option in the next century needs to be
preserved and extended, as professionas leave or retire from the field.

The author hopes that this book will continue to serve as a useful vehicle
to orient, train, and educate the next generation of professionals and leaders.
The book is expected to be helpful as well for scientists and engineers in
non-nuclear but related fields.

As in past editions, the level of mathematics demanded by the book is
not excessive. A new feature - Computer Exercises - has been added,
however, intended to enhance the appreciation of effects, trends, and
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magnitudes. They use a set of computer programs available from the author
on a non-proprietary, non-profit basis. These are written in the BASIC
language or utilize a popular spreadsheet. Each type of program demands a
minimum of expertise in computer programming, but permits caculations
that go well beyond those possible or practicad by use of a hand-hed
calculator. Some of the programs have convenient menus, others yield
directly a set of numbers; still others give graphica displays.

It would have been good to be able to provide greater opportunity for the
student to do creative programming and opertended problem solving, but
that was sacrificed because there is so much to learn in afield as varied and
complex as nuclear technology.

The author welcomes communication with teachers and students about
difficulties, errors, and suggestions for improvement of the computer
programs, the exercises, and the text itself.

Those kind individuas who provided helpful comments are recognized
in the pertinent sections. Specia thanks are due the author’s wife, Elizabeth
Reid Murray, for continued encouragement and advice.

Raleigh, North Carolina, 1993 RAYMOND L. MURRAY



Preface to the Third Edition

THE ROLE of nuclear processes in world affairs has increased significantly
in the 1980s. After a brief period of uncertainty, oil has been in adequate
supply, but expensive for use in generating electricity. For countries without
coal resources, nuclear power is anecessity, and new plants are being built.

The U.S. nuclear industry has been plagued with a combination of high
congtruction costs and delays. The latter are attributed to actions of
intervenors, to inadequate management, and to regulatory changes. No new
orders for nuclear reactors have been placed, and work has been suspended
on a number of plants. It appears that less than 20% of the country’s
electricity will be provided by nuclear power by the year 2000.

Concerns about reactor safety persst in spite of mgor improvements
and an excellent record since TMI-2. The Chernobyl accident accentuated
public fears. Concerns about waste disposa remain, even though much
technical and legidative progress has been made. The threat of nuclear
warfare casts a shadow over commercial nuclear power despite great
differences between the two applications.

Although the ban on reprocessing of spent nuclear fue in the United
States has been lifted, economic factors and uncertainty have prevented
industry from taking advantage of recycling. Spent fuel will continue to
accumulate a nuclear dations until federal storage facilities and
repositories are decided upon. Through compacts, states will continue to
seek to establish new low-level radioactive waste disposal sites.

Progress on breeder reactor development in the United States was dealt a
blow by the cancellation of the Clinch River Breeder Reactor Project, while
the use of fusion for practical power is still well into the future.

Applications of radioisotopes and nuclear radiation for beneficia
purposes continue to increase, and new uses of nuclear devices in space are
being investigated.

Although nuclear power faces many problems, there is optimism that the
next few decades will see a growing demand for reactors, to assure
industrial growth with ample environmental protection. In the long
term-into the 21t century and beyond- nuclear will be the only available
concentrated energy source.

The challenge of being prepared for that future can be met through
meticulous attention to safety, through continued research and development,
and with the support of a public that is adequately informed about the
technology, including afair assessment of benefits and risks.
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This book seeks to provide useful information for the student of nuclear
engineering, for the scientist or engineer in a non-nuclear field, and for the
technicaly oriented layman, each of whom is caled upon to help explain
nuclear energy to the public.

In this new edition, Part | Basic Concepts is only dightly changed; Part
Il Nuclear Systems involves updating of all chapters, Part 11l Nuclear
Energy and Man was extensively revised to reflect the march of events. The
“Problems’ to be solved by the reader are now called “Exercises.”

Many persons provided vauable ideas and information. They are
recognized at appropriate points in the book. Special thanks are due my
colleague Ephraim Stam, for his thorough and critical technica review, and
to my wife Elizabeth Reid Murray, for advice, for excdlent editorial
suggestions, and for inspiration.

Raleigh, North Carolina, 1987 RAYMOND L. MURRAY



Preface to the Second Edition

IN THE period since Nuclear Energy was written, there have been severa
significant developments. The Arab oil embargo with its impact on the
availability of gasoline alerted the world to the increasing energy problem.
The nuclear industry has experienced a variety of problems including
difficulty in financing nuclear plants, inflation, inefficiency in construction,
and opposition by various intervening organizations. The accident at Three
Mile Idand raised concerns in the minds of the public and led to a new
scrutiny of safety by government and industry.

Two changes in U.S. national adminigtration of nuclear energy have
occurred: (a) the reassgnment of responsbilities of the Atomic Energy
Commission to the Nuclear Regulatory Commission (NRC) and the Energy
Research and Development Administration (ERDA) which had a charge to
develop al forms of energy, not just nuclear; (b) the absorption of ERDA
and the Federal Energy Agency into a new Department of Energy.
Recently, more dtention has been paid to the problem of proliferation of
nuclear weapons, with new views on fuel reprocessing, recycling, and the
use of the breeder reactor. At the same time, several nuclear topics have
become passé.

The rapidly changing scene thus requires that we update Nuclear
Energy, without changing the origind intent as described in the earlier
Preface. In preparing the new version, we note in the text and in the
Appendix the trangition in the U.S. to S units. New values of data on
materials are ncluded e.g. atomic masses, cross sections, half-lives, and
radiations. Some new problems have been added. The Appendix has been
expanded to contain useful constants and the answers to most of the
problems. Faculty users are encouraged to secure a copy of the Solution
Manual from the publisher.

Thanks are due Dr. Ephraim Stam for his careful scrutiny of the draft
and for his fine suggestions. Thanks aso go to Mary C. Joseph and Rashid
Sultan for capable help with the manuscript.

Raleigh, North Carolina, 1980 RAYMOND L. MURRAY

Xiii






Preface to the First Edition

THE FUTURE of mankind is inextricable from nuclear energy. As the world
population increases and eventudly stabilizes, the demands for energy to
assure adequate living conditions will severely tax available resources,
especialy those of fossil fuels. New and different sources of energy and
methods of conversion will have to be explored and brought into practica
use. The wise use of nuclear energy, based on understanding of both
hazards and benefits, will be required to meet this challenge to existence.

This book is intended to provide a factual description of basic nuclear
phenomena, to describe devices and processes that involve nuclear
reactions, and to call attention to the problems and opportunities that are
inherent in a nuclear age. It is designed for use by anyone who wishes to
know about the role of nuclear energy in our society or to learn nuclear
concepts for use in professional work.

In spite of the technical complexity of nuclear systems, students who
have taken a one-semester course based on the book have shown a
surprising level of interest, appreciation, and understanding. This response
resulted in part from the selectivity of subject matter and from efforts to
connect basic ideas with the “real world,” a goa that al modern education
must seek if we hope to solve the problems facing civilization.

The sequence of presentation proceeds from fundamental facts and
principles through a variety of nuclear devices to the relation between
nuclear energy and peaceful applications. Emphasis is first placed on
energy, atoms and nuclei, and nuclear reactions, with little background
required. The book then describes the operating principles of radiation
equipment, nuclear reactors, and other systems involving nuclear processes,
giving quantitative information wherever possible. Finaly, attention is
directed to the subjects of radiation protection, beneficia usage of radiation,
and the connection between energy resources and human progress.

The author is grateful to Dr. Ephraim Stam for his many suggestions on
technical content, to Drs. Claude G. Poncelet and Albert J. Impink, Jr. for
their careful review, to Christine Baermann for her recommendations on
style and clarity, and to Carol Carroll for her assistance in preparation of the
manuscript.

Raleigh, North Carolina, 1975 RAYMOND L. MURRAY
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Part | Basic Concepts

In the study of the practical applications of nuclear energy we must take
account of the propertties of individual particles of matter- their
“microscopic” features- as well as the character of matter in its ordinary
form, a “macroscopic”’ (large-scae) view. Examples of the small-scale
properties are masses of atoms and nuclear particles, their effective sizes for
interaction with each other, and the number of particles in a certain volume.
The combined behavior of large numbers of individud particles is
expressed in terms of properties such as mass density, charge density,
electrica conductivity, thermal conductivity, and elastic constants. We
continually seek consistency between the microscopic and macroscopic
views.

Since al processes involve interactions of particles, it is necessary that
we develop a background of understanding of the basic physicd facts and
principles that govern such interactions. In Part | we shall examine the
concept of energy, describe the models of atomic and nuclear structure,
discuss radioactivity and nuclear reactions in genera, review the ways
radiation reacts with matter, and concentrate on two important nuclear
processes- fisson and fusion.






1

Energy

OUR MATERIAL world is composed of many substances distinguished by
their chemical, mechanical, and electrica properties. They are found in
nature in various physica states-the familiar solid, liquid, and gas, aong
with the ionic “plasma” However, the apparent diversity of kinds and
forms of materid is reduced by the knowledge that there are only a little
over 100 distinct chemica elements and that the chemical and physica
features of substances depend merely on the strength of force bonds
between atoms.

In turn, the distinctions between the eements of nature arise from the
number and arrangement of basic particles—electrons, protons, and neutrons.
At both the atomic and nuclear levels, the structure of elements is
determined by internal forces and energy.

1.1 Forces and Energy

There are a limited number of basic forces- gravitational, eectrostatic,
electromagnetic, and nuclear. Associated with each of these is the ability to
do work. Thus energy in different forms may be stored, released,
transformed, transferred, and “used” in both natural processes and man-
made devices. It is often convenient to view nature in terms of only two
basic entities- particles and energy. Even this distinction can be removed,
since we know that matter can be converted into energy and vice versa.

Let us review some principles of physics needed for the study of the
release of nuclear energy and its conversion into therma and electrica
form. We recall that if a constant force F is applied to an object to moveit a
distance s, the amount of work done is the product Fs. As asimple example,
we pick up a book from the floor and place it on a table. Our muscles
provide the means to lift against the force of gravity on the book. We have
done work on the object, which now possesses stored energy (potential
energy), because it could do work if allowed to fal back to the origina
level. Now aforce F acting on a mass m provides an acceleration a, given
by Newton's law F = ma. Starting from rest, the object gains a speed u, and
a any instant has energy of motion (kinetic energy) in amount E; =
Zmu®. For objects faling under the force of gravity, we find that the



4 Energy

potential energy is reduced as the kinetic energy increases, but the sum of
the two types remains constant. This is an example of the principle of
conservation of energy. Let us apply this principle to a practical Situation
and perform some illustrative calculations.

As we know, faling water provides one primary source for generating
electrical energy. In a hydroelectric plant, river water is collected by a dam
and alowed to fall through a considerable distance. The potentia energy of
water is thus converted into kinetic energy. The water is directed to strike
the blades of aturbine, which turns an electric generator.

The potential energy of a mass mlocated at the top of the dam is E, =
Fh, being the work done to place it there. The force is the weight F = mg,
where g is the acceleration of gravity. Thus E, = mgh. For example, for 1
kg and 50 m height of dam, using g = 9.8 m/s*, E, is (1)(9.8)(50) = 490
joules (J). Ignoring friction, this amount of energy in kinetic form would
appear at the bottom. The water speed would be u=2E| / m=313m/s.

Energy takes on various forms, classified according to the type of force
that is acting. The water in the hydrodectric plant experiences the force of
gravity, and thus gravitationa energy is involved. It is transformed into
mechanica energy of rotation in the turbine, which then is converted to
electrical energy by the generator. At the terminals of the generator, there is
an electrica potentia difference, which provides the force to move charged
particles (electrons) through the network of the electrica supply system.
The electrica energy may then be converted into mechanical energy as in
motors, or into light energy as in lightbulbs, or into therma energy as in
dectricaly heated homes, or into chemica energy asin a storage battery.

The automobile aso provides familiar examples of energy trans-
formations. The burning of gasoline releases the chemical energy of the fuel
in the form of heat, part of which is converted to energy of motion of
mechanical parts, while the rest is transferred to the atmosphere and
highway. Electricity is provided by the automobile's generator for control
and lighting. In each of these examples, energy is changed from one form to
another, but is not destroyed. The conversion of heat to other forms of
energy is governed by two laws, the fird and second laws of
thermodynamics. The first states that energy is conserved; the second
specifies inherent limits on the efficiency of the energy conversion.

* The standard acceleration of gravity is 9.80665 m/s? For discussion and simple
illustrative purposes, numbers will be rounded off to two or three significant figures. Only
when accuracy is important will more figures or decimals be used. The principa source of
physical constants, conversion factors, and nuclear properties will be the CRC Handbook of
Chemistry and Physics (see References), which is likely to be accessible to the faculty
member, student, or reader.



Thermal Energy 5

Energy can be classified according to the primary source. We have
dready noted two sources of energy: falling water and the burning of the
chemica fuel gasoline, which is derived from petroleum, one of the main
fossl fuels. To these we can add solar energy, the energy from winds, tides,
or the sea motion, and heat from within the earth. Finaly, we have energy
from nuclear reactions, i.e., the “burning” of nuclear fuel.

1.2 Thermal Energy

Of gpecia importance to us is therma energy, as the form most readily
available from the sun, from burning of ordinary fuels, and from the fisson
process. First we recall hat a smple definition of the temperature of a
substance is the number read from a measuring device such as a
thermometer in intimate contact with the materia. If energy is supplied, the
temperature rises; e.g., energy from the sun warms the air during the day.
Each materiad responds to the supply of energy according to its interna
molecular or atomic structure, characterized on a macroscopic scale by the
specific heat c¢. If an amount of thermal energy added to one gram of the
materid is Q, the temperature rise, DT, is Q/c. The vaue of the specific heat
for water is ¢ = 4.18 Jg-°C and thus it requires 4.18 joules of energy to
raise the temperature of one gram of water by one degree Celsius (1°C).

From our modern knowledge of the atomic nature of matter, we readily
appreciate the idea that energy supplied to a material increases the motion
of the individual particles of the substance. Temperature can thus be related
to the average kinetic energy of the atoms. For example, in agas such asair,
the average energy of trandational motion of the molecules E is directly
proportional to the temperature T, through the relation E =2 KT, where k is

Boltzmann's constant, 1.38" 10> JK. (Note that the Kelvin scale has the
same spacing of degrees as does the Celsius scale, but its zero is at -273°C.)
To gain an gppreciation of molecules in motion, let us find the typical
speed of oxygen molecules a room temperature 20°C, or 293K. The
molecular weight is 32, and since one unit of atomic weight corresponds to
1.66" 10°" kg, the mass of the oxygen (O,) moleculeis5.3" 10°° kg. Now

E=2(1.38" 10%)(293) = 6.1 10* J
and thus the speed is
U=+2E/m= 2(614  10-21)/ (53  10-25) @479 m/s

Closdly related to energy is the physica entity power, which is the rate
a which work is done. To illustrate, suppose that the flow of water in the
hydroelectric plant of Section 1.1 were 2" 10° kg/s. The corresponding
energy per second is (2" 10°) (490) = 9.8" 10° Js. For convenience, the
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unit joule per second is called the watt (W). Our plant thus involves 9.8° 10°
W. We can conveniently express this in kilowatts (I kW = 10° W) or
megawatts (1 MW = 10° W). Such multiples of units are used because of
the enormous range of magnitudes of quantities in nature-from the
submicroscopic to the astronomical. The standard set of prefixesis givenin
Table 1.1.

For many purposes we shal employ the metric system of units, more
precisely designated as Sl, Systeme Internationale. In this system (see
References) the base units are the kilogram (kg) for mass, the meter (m) for
length, the second (s) for time, the mole (moal) for amount of substance, the
ampere (A) for electric current, the kelvin (K) for thermodynamic
temperature and the candela (cd) for luminous intensity. However, for
understanding of the earlier literature, one requires a knowledge of other
systems. The Appendix includes a table of useful conversions from British
to Sl units.

TaBLE 1.1
Prefixes for Numbers and Abbreviations
yotta Y 10 deci d 10"t
zetta z 10% centi c 102
ea E 10 milli m 10°%
peta P 10% micro m 10
tera T 10%? nano n 10°
g G 10° pico p 1012
mega M 108 femto  f o
kilo k 10° atto a 108
hecto h 102 zepto  z 102
deca da 10t yocto vy 102

The trangtion in the U.S. from British units to the S| units has been
much slower than expected. In the interests of ease of understanding by the
typical reader, a dud display of numbers and their units appears frequently.
Familiar and widely used units such as the centimeter, the barn, the curie,
and the rem are retained.

In dedling with forces and energy at the level of molecules, atoms, and
nucle, it is conventional to use another energy unit, the electron-volt (eV).
Its origin is dectricd in character, being the amount of kinetic energy that
would be imparted to an electron (charge 1.60° 10™ coulombs) if it were
accelerated through a potentia difference of 1 volt. Since the work done on
1 coulomb would be 1 J, we see that 1 eV = 1.60° 10™° J. The unit is of
convenient size for describing atomic reactions. For instance, to remove the
one electron from the hydrogen atom requires 13.5 eV of energy. However,
when dealing with nuclear forces, which are very much larger than atomic
forces, it is preferable to use the million-electron-volt unit (MeV). To
separate the neutron from the proton in the nucleus of heavy hydrogen, for
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example, requires an energy of about 2.2 MeV, i.e, 2.2° 10° eV.

1.3 Radiant Energy

Another form of energy is electromagnetic or radiant energy. We recall
that this energy may be released by heeating of solids, as in the wire of a
lightbulb, or by eectrical oscillations, as in radio or televison tranamitters,
or by aomic interactions, as in the sun. The radiation can be viewed in
either of two ways- as a wave or as a particle- depending on the process
under study. In the wave view it is a combination of electric and magnetic
vibrations moving through space. In the particle view it is a compact
moving uncharged object, the photon, which is a bundle of pure energy,
having mass only by virtue of its motion. Regardless of its origin, al
radiation can be characterized by its frequency, which is related to speed
and wavelength. Letting c be the speed of light, | its wavelength and n its
frequency, we have ¢ = | n.t For example, if ¢ in avacuum is 3 10° m/s,
ydlow light of wavelength 5.89° 10" m has a frequency of 5.1 10" s™. X-
rays and gamma rays are electromagnetic radiation arising from the
interactions of atomic and nuclear particles, respectively. They have
energies and frequencies much higher than those of visible light.

T We shall have need of both Roman and Greek characters, identifying the latter by

name the first time they are used, thus | (lambda) and n (nu). The reader must be wary of
symbols used for more than one quantity.
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In order to appreciate the relationship of states of matter, atomic and
nuclear interactions, and energy, let us visudize an experiment in which we
supply energy to a sample of water from a source of energy that is as large
and as sophisticated as we wish. Thus we increase the degree of interna
motion and eventudly dissociate the materid into its most eementary
components. Suppose, Fig. 1.1, that the water is initidly as ice a nearly
absolute zero temperature, where water (H,O) molecules are essentially at
rest. As we add thermal energy to increase the temperature to 0°C or 32°F,
molecular movement increases to the point where the ice melts to become
liquid water, which can flow rather freely. To cause a change from the solid
state to the liquid state, a definite amount of energy (the heat of fusion) is
required. In the case of water, this latent heat is 334 Jg. In the temperature
range in which water is liquid, thermal agitation of the molecules permits
some evaporation from the surface. At the boiling point, 100°C or 212°F at
amospheric pressure, the liquid turns into the gaseous form as steam.
Again, energy is required to cause the change of state, with a heat of
vaporization of 2258 Jg. Further heating, using specid high temperature
equipment, causes dissociation of water into atoms of hydrogen (H) and
oxygen (O). By dectrica means electrons can be removed from hydrogen
and oxygen atoms, leaving a mixture of charged ions and eectrons.
Through nuclear bombardment, the oxygen nucleus can be broken into
smndler nuclel, and in the limit of temperatures in the billions of degrees,
the material can be decomposed into an assembly of e ectrons, protons, and
neutrons.

14 The Equivalence of Matter and Energy

The connection between energy and matter is provided by Einstein's
theory of special relativity. It predicts that the mass of any object increases
with its speed. Letting the mass when the object is at rest be my, the “rest
mass,” and letting m be the mass when it is at speed u, and noting that the
speed of light in avacuum isc = 3" 10° my/s, then

m
0

Jlwree

For motion at low speed (e.g., 500 m/s), the mass is dmost identical to
the rest mass, since u/c and its square are very small. Although the theory
has the status of natura law, its rigor is not required except for particle
motion at high speed, i.e, when u is at least severa percent of c. The
relation shows that a material object can have a speed no higher than c.

The kinetic energy imparted to a particle by the application of force
according to Eingein is

m=
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Ex= (m—my) ¢
(For low speeds, u<<c, thisis approximately 1 mu,’, the classical relation.)

The implication of Eingtein’s formula is that any object has an energy
Eo, = myc® when at rest (its *‘rest energy’’), and a total energy E = nc?, the
difference being E; the kinetic energy. Let us compute the rest energy for an
electron of mass 9.1° 10" kg.
Eo = mc® = (9.1° 10°")(3.0" 10°)*=8.2" 10™J

8271014
0 160" 1013J/ MeV

For one unit of atomic mass, 1.66° 10°’ kg, which is close to the mass
of ahydrogen atom, the corresponding energy is 931 MeV.

Thus we see that matter and energy are equivalent, with the factor ¢
relating the amounts of each. This suggests that matter can be converted
into energy and that energy can be converted into matter. Although
Eingein's relationship is completely genera, it is especialy important in
calculating the release of energy by nuclear means. We find that the energy
yield fromakilogram of nuclear fuel ismorethanamilliontimesthat from
chemical fuel. To prove this startling statement, we first find the result of
the complete transformation of one kilogram of matter into energy, namely,
(1 kg)(3.0° 10° m/s)®* = 9" 10'® J. The nuclear fisson process, as one
method of converting mass into energy, is relatively inefficient, since the
“burning” of 1 kg of uranium involves the converson of only 0.87 g of
matter into energy. This corresponds to about 7.8 10" Jkg of the uranium
consumed. The enormous magnitude of this energy release can be
appreciated only by comparison with the energy of combustion of a familiar
fud such as gasoline, 5 10" Jkg. The ratio of these numbers, 1.5° 10°,
revedls the tremendous difference between nuclear and chemica energies.

Calculations involving Einstein’s theory are made easy by use of a
computer program ALBERT, described in Computer Exercise 1.A.

= 051MeV

15 Energy and the World

All of the activities of human beings depend on energy, as we redize
when we consider the dimensions of the world’'s energy problem. The
efficient production of food requires machines, fertilizer, and water, each
using energy in a different way. Energy is vital to transportation, protection
againgt the wesather, and the manufacturing of al goods. An adequate long-
term supply of energy is therefore essential for man’s survival. The world
energy problem has many dimensions: the increasing cost to acquire fuels
as they become more scarce; the potential for global climate change
resulting from burning fossil fuels; the effects on safety and hedlth of the
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byproducts of energy consumption; the inequitable distribution of energy
resources among regions and nations; and the discrepancies between current
energy usage and human expectations throughout the world.

1.6 Summary

Associated with each basic type of force is an energy, which may be
transformed to another form for practical use. The addition of therma
energy to a substance causes an increase in temperature, the measure of
particle motion. Electromagnetic radiation arisng from eectrical devices,
atoms or nuclei may be considered as composed of waves or of photons.
Matter can be converted into energy and vice versa according to Einstein’s
formula E = mc?. The energy of nuclear fission is millions of times as large
as that from chemica reactions. Energy is fundamenta to al of man's
endeavors and indeed to his survival.

1.7 Exercises

1.1. Find the kinetic energy of a basketball player of mass 75 kg as he moves down the floor
at a speed of 8 m/s.

1.2. Recdlling the conversion formulas for temperature,

_ 5 -9
=2 (F-32 =2Cc+32

where C and F are degrees in respective systems, convert each of the following: 68°F, 500°F,
-273°C, 1000°C.

1.3. If the specific heat of iron is 0.45 Jg-°C how much energy is required to bring 0.5 kg of
iron from 0°C to 100°C?

1.4. Find the speed corresponding to the average energy of nitrogen gas molecules (N,, 28
units of atomic weight) at room temperature.

1.5. Find the power in kilowatts of an auto rated at 200 horsepower. In a drive for 4 h at
average speed 45 mph, how many kWh of energy are required?

1.6. Find the frequency of ag-ray photon of wavelength 1.5° 10 m,
1.7. (8) For very small velocities, show that the fractional change in mass due to relativity is
Dmimy, @ (u /)2 /2

Hint: use the series expansion of (1 + x)".

(b) Apply the formulato a car of mass 1000 kg moving at 20 m/s to find the increase in
mass in grams.
1.8. Noting that the electron-volt is 1.60" 10%° J, how many joules are released in the fission
of one uranium nucleus, which yields 190 MeV?
1.9. Applying Einstein’s formula for the equivalence of mass and energy, E = mc®, wherec =
3" 10° m/s, the speed of light, how many kilograms of matter are converted into energy in
Exercise 1.8?
1.10. If the atom of uranium-235 has mass of (235) (1.66" 10%") kg, what amount of
equivalent energy doesit have?
1.11. Using the results of Exercises 1.8, 1.9, and 1.10, what fraction of the mass of a U-235
nucleus is converted into energy when fission takes place?
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1.12. Show that to obtain a power of 1 W from fission of uranium, it is necessary to cause
3.3” 10% fission events per second. Assume that each fission releases 190 MeV of useful
energy.

1.13. (a) If the fractional mass increase due to relativity is DE/E,, show that

u /c=\/1- a+DE/ EO)’2 .

(b) At what fraction of the speed of light does a particle have a mass that is 1% higher
than the rest mass? 10%7? 100%?

1.14. The heat of combustion of hydrogen by the reaction 2H + O = H,0 is quoted to be
34.18 kilogram calories per gram of hydrogen. (a) Find how many Btu per pound this is
using the conversions 1 Btu = 0.252 kcal, 1 Ib = 454 grams. (b) Find how many joules per
gram this is noting 1 ca = 4.18 J. (c) Caculate the heat of combustion in eV per H,
molecule.

Computer Exercises

1A. Properties of particles moving at high velocities are related in a complicated way
according to Einstein's theory of specia relativity. To obtain answers easily, the BASIC
computer program ALBERT (after Dr. Einstein) can be used to treat the following
quantities:
velocity
momentum
total mass-energy
kinetic energy
ratio of massto rest mass
Given one of the above, for a selected particle, ALBERT calculates the others.

Test the program with various inputs, for example u/c = 0.9999 and T = 1 hillion
€electron volts.
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Atoms and Nuclei

A COMPLETE understanding of the microscopic structure of matter and the
exact nature of the forces acting is yet to be realized. However, excellent
models have been developed to predict behavior to an adequate degree of
accuracy for most practical purposes. These models are descriptive or
mathematical, often based on anadlogy with large-scale processes, on
experimental data, or on advanced theory.

2.1  Atomic Theory

The most elementary concept is that matter is composed of individual
particles-atoms—that retain their identity as elements in ordinary physical
and chemica interactions. Thus a collection of helium atoms that forms a
gas has atotal weight that is the sum of the weights of the individua atoms.
Also, when two elements combine to form a compound (e.g., if carbon
atoms combine with oxygen atoms to form carbon monoxide molecules),
the total weight of the new substance is the sum of the weights of the
origina eements.

There are more than 100 known elements. Most are found in nature;
some are atificialy produced. Each is given a specific number in the
periodic table of the elements—examples are hydrogen (H) 1, helium (He) 2,
oxygen (O) 8, and uranium (U) 92. The symbol Z is given to that atomic
number, which is also the number of electrons in the atom and determines
its chemical properties.

Computer Exercise 2. A describes the program ELEMENTS, which
helps find atomic numbers, symbols, and names of elements in the periodic
table.

Generally, the higher an element is in the periodic table, the heavier are
its atoms. The atomic weight M is the weight in grams of a definite number
of atoms, 6.02° 10°°, which is Avogadro’'s number, N,. For the example
elements above, the values of M are approximately H 1.008, He 4.003, O
16.00, and U 238.0. We can easily find the number of atoms per cubic
centimeter in a substance if its density r (rho) in grams per cubic centimeter
is known. For example, if we had a container of helium gas with density
0.00018 g/cm?®, each cubic centimeter would contan a fraction
0.00018/4.003 of Avogadro’s number of helium atoms, i.e,, 2.7° 10'°. This

14
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procedure can be expressed as a convenient formula for finding N, the
number per cubic centimeter for any material:
N=-——N,
M

Thus in naturad uranium with its dendty of 19 glen?, we find N =
(19/238)(6.02" 10°) = 0.048" 10 cm?® The rdationship holds for
compounds as well, if M is taken as the molecular weight. In water, H,O,
with r = 1.0 g/en® and M = 2 (1.008) + 16.00 @ 18.0, we have N =
(1/18)(6.02" 10%°) = 0.033" 10** cm®. (The use of numbers times 10°* will
turn out to be convenient later.)

2.2 Gases

Substances in the gaseous state are described approximately by the
perfect gas law, relating pressure, volume, and absol ute temperature,
pV = nKT,

where n is the number of particles and k is Boltzmann's constant. An
increase in the temperature of the gas due to heating causes greater
molecular motion, which results in an increase of particle bombardment of a
container wall and thus of pressure on the wall. The particles of gas, each of
mass m, have a variety of speeds u in accord with Maxwell’ s gas theory, as
shown in Fig. 2.1. The most probable speed, at the peak of this maxwellian
distribution, is dependent on temperature according to the relation

Up =~/2KT /m.

The kinetic theory of gases provides a basis for caculating properties
such as the specific heat. Using the fact from Chapter 1 that the average

energy of gas molecules is proportional to the temperature, E = 2KT, we

can deduce, as in Exercise 2.4, that the specific heat of a gas consisting only
of aomsis ¢ = 2k/m where mis the mass of one atom. We thus see an

intimate relationship between mechanicd and thermal properties of
materials.

2.3 The Atom and Light

Until the 20th century the internal structure of atoms was unknown, but
it was believed that electric charge and mass were uniform. Rutherford
performed some crucia experiments in which gold atoms were bombarded
by charged particles. He deduced in 1911 that most of the mass and positive
charge of an atom were concentrated in a nucleus of radius only about 10°
times that of the atom, and thus occupying a volume of about 10™ times
that of the atom. (See Exercise 2.2 and 2.11.) The new view of atoms paved
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Mumber of molecules per umit speed

PSpeqtv
Fra. 2.1 Dhastribution of molecular speeds.
the way for Bohr to find an explanation for the production of light.

It is well known that the color of a heated solid or gas changes as the
temperature is increased, tending to go from the red end of the visble
region toward the blue end, i.e, from long wavelengths to short
wavelengths. The measured didtribution of light among the different
wavelengths at a certain temperature can be explained by the assumption
that light is in the form of photons. These are absorbed and emitted with
definite amounts of energy E that are proportiona to the frequency n,
according to

E=hn,
where h is Planck’s constant, 6.63° 10> J-s. For example, the energy
corresponding to a frequency of 5.1 10" is (6.63" 10°%) (5.1° 10*) =
3.4 10™ J, which is seen to be a very minute amount of energy.

Electron

Py

Circular orbit
radius 0.53 x 10°"%m

Fig. 2.2 Hydrogen atom
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The emission and absorption of light from incandescent hydrogen gas
was firg explained by Bohr, using a novel mode of the hydrogen atom. He
assumed that he atom consists of a single electron moving a constant
speed in acircular orbit about a nucleus- the proton- as sketched in Fig. 2.2.

FiG. 2.3 Electron orbits in hydrogen {Bohr theory).

Each particle has an electric charge of 1.6° 10 coulombs, but the
proton has a mass that is 1836 times that of the electron. The radius of the
orbit is set by the equality of electrostatic force, attracting the two charges
toward each other, to centripetal force, required to keep the electron on a
circular path. If sufficient energy is supplied to the hydrogen atom from the
outside, the eectron is caused to jump to a larger orbit of definite radius. At
some later time, the eectron fals back spontaneoudly to the origina orbit,
and energy is released in the form of a photon of light. The energy of the
photon hn is equal to the difference between energies in the two orbits. The
smallest orbit has a radius R, = 053" 10" m, while the others have radii
increasing as the square of integers (caled quantum numbers). Thus if nis
1, 2, 3...., the radius of the nth orbit is R, = n” R,. Figure 2.3 shows the
allowed eectron orhits in hydrogen. The energy of the atom system when
the electron is in the first orbit is E; = -13.5 eV, where the negative sign
means that energy must be supplied to remove the electron to a great
distance and leave the hydrogen as a positive ion. The energy when the
electron is in the nth orbit is E;/n’. The various discrete levels are sketched
inFig. 24.

The electronic structure of the other elements is described by the shell
model, in which a limited number of electrons can occupy a given orbit or
shel. The atomic number Z is unique for each chemica eement, and
represents both the number of positive charges on the centra massive
nucleus of the atom and the number of eectrons in orbits around the
nucleus. The maximum alowed numbers of eectrons in orbits as Z
increases for the first few shells are 2, 8, and 18. The chemica behavior of
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Fig. 2.4  Energy levels in hydrogen atom

elements is determined by the number of eectrons in the outermost or
valence shell. For example, oxygen with Z = 8 has two eectronsin the inner
shdll, six in the outer. Thus oxygen has an dffinity for elements with two
eectrons in the valence shell. The formation of molecules from atoms by
electron sharing isillustrated by Fig. 2.5, which shows the water molecule.

2.4 Laser Beams

Ordinary light as in the visible range is a mixture of many frequencies,
directions, and phases. In contrast, light from a laser (light amplified by
stimulated emission of radiation) consists of a direct beam of one color and
with the waves in step. The device consists of a tube of materia to which
energy is supplied, exciting the atoms to higher energy states. A photon of a
certain frequency is introduced. It strikes an excited atom, causing it to fall
back to the ground state and in so doing emit another photon of the same
frequency. The two photons strike other atoms, producing four identical
photons, and so on. The ends of the laser are partialy reflecting, which
causes the light to be trapped and to build up insde by a combination of
reflection and stimulation. An avalanche of photons is produced that makes
a very intense beam. Light moving in directions other than the long axis of
the laser islost through the sides, so that the beam that escapesfrom the end
proceeds in only one direction. The reflection between the two end mirrors
assures a coherent beam; i.e., the waves are in phase.
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Lasers can be constructed from several materials. The original one
(1960) was the crystalline gem ruby. Others use gases such as a helium-
neon mixture, or liquids with dye in them, or semiconductors. The externa
supply of energy can be chemica reactions, a discharge produced by
accelerated electrons, energetic particles from nuclear reactions, or another
laser. Some lasers operate continuoudy while others produce pulses of
energy as short as a fraction of a nanosecond (10 sec) with a power of a
terawatt (10"* watts). Because of the high intengity, laser light if viewed
directly can be hazardous to the eyes.

Lasers are widely used where an intense well-directed beam is required,
as in metal cutting and welding, eye surgery and other medical applications,
and accurate surveying and range finding. Newer applications are noise-free
phonographs, holograms (3D images), and communication between
airplane and submarine.

Later, we shal describe some nuclear applications- isotope separation
(Section 9.4) and thermonuclear fusion (Section 14.4).

25 Nuclear Structure

Most elements are composed of particles of different weight, caled
isotopes. For instance, hydrogen has three isotopes of weights in proportion
1, 2 and 3-ordinary hydrogen, heavy hydrogen (deuterium), and tritium.
Each has atomic number Z = 1 and the same chemica properties, but they
differ in the compostion of the central nucleus, where most of the weight
resides. The nucleus of ordinary hydrogen is the positively charged proton;
the deuteron consists of a proton plus a neutron, a neutra particle of weight
very close to that of the proton; the triton contains a proton plus two
neutrons. To distinguish isotopes, we identify the mass number A, as the
total number of nucleons, the heavy particles in the nucleus. A complete
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Fic. 2.6  lsotopes of hydrogen.

shorthand description is given by the chemica symbol with superscript A
value and subscript Z value, eg., ;H,;H, andiH . Figure 2.6 shows the
nuclear and atomic structure of the three hydrogen isotopes. Each has one
electron in the outer shell, in accord with the Bohr theory described earlier.

The structure of some of the lighter elements and isotopes is sketched in
Fig. 2.7. In each case, the atom is neutral because the negative charge of the
Z electrons in the outer shell balances the positive charge of the Z protonsin
the nucleus. The symbols for the isotopes shown in Fig. 2.7 are:

H,%He,;Li,;Li,:Be, 50, Na.

In addition to the atomic number Z and the mass number A, we often
need to write the neutron number N, which is, of course, A - Z. For the set
of isotopeslisted, N is0, 2, 3, 4, 5, 8, and 12, respectively.

When we study nuclear reactions, it is convenient to let the neutron be
represented by the symbol ,n, implying a mass comparable to that of
hydrogen, 1H, but with no eectronic charge, Z = 0. Similarly, the electron
is represented by e, suggesting nearly zero mass in comparison with that
of hydrogen, but with negative charge. An identification of isotopes
frequently used in qualitative discussion consists of the element name and
its A value, thus sodium-23 and uranium-235, or even more smply Na-23
and U-235.

2.6 Sizes and Masses of Nuclei

The dimensions of nuclei are found to be very much smaler than those
of atoms. Whereas the hydrogen atom has a radius of about 5° 10° cm, its
nucleus has a radius of only about 10™ cm. Since the proton weight is
much larger than the electron weight, the nucleus is extremely dense. The
nuclei of other isotopes may be viewed as closely packed particles of
matter—neutrons and protons—forming a sphere whose volume, 4p R,
depends on A, the number of nucleons. A useful rule of thumb to calcuate
radii of nucle is

R(cm) = 14x 10™ A3,
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Fic. 2.7  Atomic and nuclear structure.

Sinlcge A ranges from 1 to about 250, we see that al nuclei are smaller than
107 cm.

The masses of atoms, labeled M, are compared on a scale in which an
isotope of carbon; C hasamassof exactly 12. For ; H , the atomic massisM
= 1.007825, for {H , M = 2.014102, and so on. The atomic mass of the proton
is 1.007276, of the neutron 1.008665, the difference being only about 0.1%.
The mass of the electron on this scale is 0.000549. A list of atomic masses
appears in the Appendix.

The atomic mass unit (amu), as 1/12 the mass of % C, correspondsto an
actual mass of 1.66° 10** g. To verify this merdy divide 1 g by
Avogadro’'s number 6.02° 10”. It is easy to show that 1 amu is also
equivalent to 931 MeV. We can calculate the actual masses of atoms and
nuclel by multiplying the mass in atomic mass units by the mass of 1 amu.
Thus the mass of the neutron is (1.008665) (1.66° 10°%) = 1.67" 10* g.

2.7 Binding Energy
The force of eectrostatic repulsion between like charges, which varies
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Fig. 2.8 Dissociation of tritium.

inversaly as the square of their separation, would be expected to be so large
that nuclei could not be formed. The fact that they do exist is evidence that
thereis an even larger force of attraction. The nuclear force is of very short
range, as we can deduce from the above rule of thumb. As shown in
Exercise 2.9, the radius of a nucleon is approximately 1.4° 10™ cm; the
distance of separation of centers is about twice that. The nuclear force acts
only when the nucleons are very close to each other, and binds them into a
compact structure. Associated with the net force is a potential energy of
binding. To disrupt a nucleus and separate it into its component nucleons,
energy must be supplied from the outside. Recalling Eingtein's relation
between mass and energy, this is the same as saying that a given nucleusis
lighter than the sum of its separate nucleons, the difference being the
binding mass-energy. Let the mass of an atom including nucleus and
externa electrons be M, and let m, and my be the masses of the neutron and

the proton plus matching el ectron. Then the binding energy is
B = total mass of separate particles — mass of the atom

or

B=Nm+Zmy- M
(Neglected in this relation is a small energy of atomic or chemica binding.)
Let us calculate B for tritium, the heaviest hydrogen atom, ;H . Figure 2.8
shows the dissociation that would take place if a sufficient energy were
provided. Now Z =1, N =2, m, = 1.008665, m, = 1.007825, and M =
3.016049. Then

B = 2(1.008665) + 1(1.007825) - 3.016049

B = 0.009106 amu.

Converting by use of the relation 1 amu = 931 MeV, the binding energy
is B = 8.48 MeV. Cdculations such as these are required for severa
purposes- to compare the stability of one nucleus with that of another, to
find the energy release in a nuclear reaction, and to predict the possibility of
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fisson of anucleus.

We can speak of the binding energy associated with one particle such as
a neutron. Suppose that M, is the mass of an atom and M, isits mass after
absorbing a neutron. The binding energy of the additional neutron of mass
m, isthen

Bn = Ml +m, - Mz :

Explanations of binding energy effects using physica logic and
measured atomic masses have led to what are called “semi-empirica
formulas’ for binding energy. The value of B for any nuclide is calculated
gpproximately by an expression that accounts for (a) attraction of nucleons
for each other, (b) electrostatic repulsion, (c) surface tension effects, (d) the
imbalance of neutrons and protons in the nucleus. Computer Exercise 2.B
makes use of a program BINDING that estimates binding energy B, the
internal energy per nucleon E = - B/A, and the atomic mass M for given
mass number A and atomic number Z.

28 Summary

All materiad is composed of elements whose chemica interaction
depends on the number of electrons (£). Light is absorbed and emitted in
the form of photons when atomic electrons jump between orhbits. |sotopes of
elements differ according to the number of nucleons (A). Nuclei are much
smaller than atoms and contain most of the mass of the atom. The nucleons
are bound together by a net force in which the nuclear attraction forces
exceed the eectrostatic repulsion forces. Energy must be supplied to
dissociate a nucleus into its components.

2.9 Exercises

2.1. Find the number of carbon ('2C ) atomsin 1 cm?® of graphite, density 1.65 g/cm?.

2.2. Estimate the radius and volume of the gold atom, using the metal density of 19.3 g/lcm®
and atomic weight close to 197. Assume that atoms are located at corners of cubes and that
the atomic radius is that of a sphere with volume equal to that of a cube.

2.3. Cdculate the most probable speed of a “neutron gas’ at temperature 20°C (293K),
noting that the mass of aneutronis 1.67” 10°% kg.

2.4. Prove that the specific heat of an atomic gas is given by ¢, = (3/2)(k/m), using the
formula for average energy of amolecule.

2.5. Calculate the energy in electron volts of a photon of yellow light (see Section 2.3).
Recall from Section 1.2 that 1 eV = 1.60" 10°%°J.

2.6. What frequency of light is emitted when an electron jumps into the smallest orbit of
hydrogen, coming from avery large radius (assume infinity)?

2.7. Cdlculate the energy in electron-volts of the electron orhit in hydrogen for which n =3,
and find the radius in centimeters. How much energy would be needed to cause an electron
to go from the innermost orbit to this one? If the electron jumped back, what frequency of
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light would be observed?

2.8. Sketch the atomic and nuclear structure of carbon-14, noting Z and A values and the
numbers of electrons, protons, and neutrons.

2.9. If A nucleons are visuaized as spheres of radius r that can be deformed and packed
tightly in anucleus of radius R, show thatr =1.4" 10 cm.

2.10. What is the radius of the nucleus of uranium-238 viewed as a sphere? What is the area
of the nucleus, seen from a distance as acircle?

2.11. Find the fraction of the volume that is occupied by the nucleus in the gold-197 atom,
using the relationship of radius R to mass number A. Recal from Exercise 2.2 that the radius
of theatomis1.59” 10" & cm.

2.12. Find the binding energy in MeV of ordinary helium, 3He, for which M = 4.002603.

2.13. How much energy (in MeV) would be required to completely dissociate the uranium-
235 nucleus (atomic mass 235.043923) into its component protons and neutrons?

2.14. Find the mass density of the nucleus, the electrons, and the atom of U-235, assuming
spherical shapes and the following data:

atomic radius 17 10°m
nuclear radius 86" 10%m
electron radius 28" 10%m
mass of 1 amu 1.66" 10" kg
mass of electron 9.11" 10 kg

Discuss the results.
2.15. Maxwell’s formula for the number of molecules per unit speed is

n(u)=ng Au 2 exp(- mu 2 2KT)

where ng is the total number of molecules and
.32
0
gzp KT @
(a) Verify by differentiation that the peak of the curveisat

Up =V2kT /'m

(b) Verify by integration that the average speed
¥
U=0o u n(u)du/ng
0

- [skT
u=_|——.
pm
Computer Exercises

2A. The BASIC program ELEMENTS is a miniature “expert system” that gives information
on elements in the periodic table. Three related quantities are listed—atomic number, symbol
for the chemical element, and its name. If one of these is input, the other two are displayed.
Run the program’ s options, being sureto try values of Z well above 100.

2.B. The BASIC program BINDING calculates the approximate binding energy B and

A=4p

isgiven by

Hint: let mu? /2kT = x.
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atomic mass M for any nuclide, using a semi-empirical formula containing six terms
dependent on atomic number Z and mass number A. Run the program on these i sotopes:

50,%0,%Rb,'¢Cs,FU 2V .

How do the results compare with the values listed in the Appendix?

2.10 References for Chapter 2

N. N. Greenwood and A. Earnshaw, Chemistry of the Elements, 2nd Ed., Butterworth-
Heinemann, Oxford, 1997. Structures, properties, and reactions.

Robley D. Evans, The Atomic Nucleus, New Y ork, Krieger Publishing Co., Melbourne, FL,
1982. A reprint of the McGraw-Hill 1955 classic advanced textbook containing awealth of
information on nuclei, radioactivity, radiation, and nuclear processes.

Robert M. Mayo, Introduction to Nuclear Concepts for Engineers, American Nuclear
Society, La Grange Park, IL, 1998. Thorough discussion of the atomic nucleus.

Educational Site

http://www.lbl .gov/Education/index.html

Select ABC's of Nuclear Science; California Science Project; Glenn Seaborg: HisLife &
Contributions.

The Amazing World of Electrons and Photons
http://library.advanced.org/16468/gather/english.htm

Atoms, Bohr’ s theory, lasers, and much more, by three 16-year-old students. Part of the
ThinkQuest program (see http://www.advanced.org).

Kinetic Theory of Gases: A Brief Review
http://www.phys.virginia.edu/classes/252/kinetic_theory.html
Derivations of pressure, the gas law, Maxwell’ s equation, etc. by Michael Fowler

How Things Work
http://howthingswork.virginia.edu
Select topic from menu.

How Stuff Works
http://www.howstuffworks.com
Try “relativity.”

Nuclear Data

http://ie.Ibl.gov/toi.html

Comprehensive source of information by Lawrence Berkeley Laboratory and Lunds
Universitet (Sweden).

The Particle Adventure
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A leisurely and light-hearted tour of quarks, antimatter, the Standard Model, interactions,
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WebElements Periodic Table of the Elements
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Mark Winter provides information about each element.
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Radioactivity

MANY NATURALLY occurring and marn-made isotopes have the property of
radioactivity, which is the spontaneous disintegration (decay) of the nucleus
with the emission of a particle. The process takes place in mineras of the
ground, in fibers d plants, in tissues of animals, and in the air and water, all
of which contain traces of radioactive el ements.

3.1 Radioactive Decay

Many heavy elements are radioactive. An example is the decay of the
main isotope of uranium, in the reaction

2U® ZTh+iHe.

The particle released is the a (alpha) particle, which is merdly the helium
nucleus. The new isotope of thorium is also radioactive, according to

“Th® %Pa+ Je+n

The first product is the element protactinium. The second is an electron,
which is called the b (beta) particle when it arises in a nuclear process. The
nucleus does not contain electrons; they are produced in the reaction, as
discussed in Section 3.2. The third is the neutrino, symbolized by n (nu). It
is a neutral particle that shares with the beta particle the reaction’s energy
release. On average, the neutrino carries %of the energy, the electron,é.
The neutrino has zero or possibly a very smal mass, and readily penetrates
enormous thicknesses of matter. We note that the A value decreases by 4
and the Z value by 2 on emisson of an a particle, while the A remains
unchanged but Z increases by 1 on emission of a b particle. These two
events are the start of a long sequence or “chain” of disintegrations that
produce isotopes of the eements radium, polonium, and bismuth,
eventually yielding the stable lead isotope % Pb. Other chains found in
nature start with ZUand % Th. Hundreds of “artificia” radioisotopes
have been produced by bombardment of nuclel by charged particles or
neutrons, and by separation of the products of the fission process.

3.2 The Decay Law
The rate at which a radioactive substance disintegrates (and thus the rate

27
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of release of particles) depends on the isotopic species, but there is a
definite “decay law” that governs the process. In a given time period, say
one second, each nucleus of a given isotopic species has the same chance of
decay. If we were able to watch one nucleus, it might decay in the next
instant, or a few days later, or even hundreds of years later. Such statistical
behavior is described by a constant property of the atom caled hdf-life.
This time interval, symbolized by ty, is the time required for haf of the
nuclei to decay, leaving haf of them intact. We should like to know how
many nuclel of a radioactive species remain at any time. If we start at time
zero with N, nudlei, after a length of time ty, there will be No/2; by the time
2ty has elapsed, there will be No/4; etc. A graph of the number of nuclel asa
function of time is shown in Fig. 3.1. For any time t on the curve, the ratio

of the number of nuclel present to the initid number is given by

N _aa(,jt/tH

N, €20
Half-lives range from very smal fractions of a second to billions of years,
with each radioactive isotope having a definite half-life. Table 3.1 gives
several examples of radioactive materias with their emissions, product
isotopes, and hdf-lives. The b particle energies are maximum values; on
average the emitted betas have only one-third as much energy. Included in
the table are both natural and man-made radioactive isotopes (also called
radioisotopes). We note the special case of neutron decay according to

neutron ® proton + eectron.

Number of atoms
ulnt

i
L=
|

L]

mluz 4

]
Time

Fig. 3.1 Radioactive decay.
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A free neutron has a half-life of 10.3 min. The conversion of a neutron into
aproton can be regarded as the origin of beta emission in radioactive nucle.
Most of the radioisotopes in nature are heavy elements. One exception is
potassum-40, hdf-life 1.26° 10° y, with abundance 0.0117% in natural
potassium. Others are carbon-14 and hydrogen-3 (tritium), which are
produced continuoudly in small amounts by natural nuclear reactions. All
three radioisotopes are found in plants and animals.

In addition to the radioisotopes that decay by beta or apha emission,

TaBLE 3.1
Selected Radioactive |sotopest
Principal radiations

I sotope Half-life (type, MeV)
Neutron 10.3m b, 0.782

Tritium (H-3) 12.32y b, 0.01860

Carbon-14 5715y b, 0.1565

Nitrogen-16 7.13s b, 4.27, 10.44; g, 6.129
Sodium-24 14.96 h b, 1.389; g, 1.369, 2.754
Phosphorus-32 14.28d b, 1.710

Potassium-40 126" 10%y b, 1.312

Argon-41 1.82h b, 1.198; g, 1.294
Cobalt-60 5271y b, 0.315; g, 1.173, 1.332
Krypton-85 10.73y b, 0.687; g, 0.514
Strontium-90 29.1y b, 0.546
Technetium-99m 6.01h b, 0.142

lodine-129 17" 10y b, 0.15

lodine-131 8.040d b, 0.606

Xenon-135 9.10h b, 0.91; g, 0.250
Cesium-137 303y b, 0.514; g, 0.662
Radon-222 3.8235d a, 5490

Radium-226 1599y a,4.784

Uranium-235 7.04" 10%y a, 4.395

Uranium-238 446" 10°%y a, 4.196
Plutonium-239 2.411° 10%y a, 5.156

T David R. Lide, Editor, CRC Handbook of Chemistry and Physics, 80th
Edition, 1999-2000 , CRC Press, Boca Raton, FL, 1999.

there is a large group of artificia isotopes that decay by the emission of a
positron, which has the same mass as the electron and an equal but positive
charge. An example is sodium-22, which decays with 2.6 y hdf-life into a
neon isotope as

ZNa® % Ne + le.

Wheresas the electron (also called negatron) is a normal part of any atom,
the positron is not. It is an example of what is called an antiparticle, because
its properties are opposite to those of the normal particle. Just as particles
form matter, antiparticles form antimetter.
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The Na-22 reaction above can be regarded as involving the conversion
of a proton into a neutron with the release of a positron, using excess energy
in the parent nucleus. This is an example of the conversion of energy into
mass. Usudly, the mass appears in the form of pairs of particles of opposite
charge. The positron-electron pair is one example. As discussed in Section
5.4(c), an eectron and a positron will combine and both be annihilated to
formtwo g rays.

A nucleus can get rid of excess interna energy by the emission of a
gammaray, but in an aternate process called internal conversion the energy
is imparted directly to one of the atomic electrons, gecting it from the atom.
In an inverse process called K-capture, the nucleus spontaneously absorbs
one of its own orbital electrons. Each of these processes is followed by the
production of X-rays as the inner shell vacancy isfilled.

The formula for N/N, is not very convenient for calculations except
when t is some integer multiple of ty. Defining the decay constant |
(lambda), as the chance of decay of a given nucleus each second, an
equivaent exponential formula t for decay is

i —e It

No
We find that | = 0.693/t,. To illustrate, et us calculate the ratio N/N, at the
end of 2 years for cobdt-60, hdf-life 5.27 y. This artificidly produced
radioisotope has many medical and industriad applications. The reaction is

FCo® SNi+Je+g,

where the gamma ray energies are 1.17 and 1.33 MeV and the maximum
beta energy is 0.315 MeV. Using the conversion 1y = 316" 10’ s, ty =
1.67° 10° s. Then | = 0.693/(1.67 x 10°) = 415" 10° s*, and since t is
6.32" 10" s, 1 tis0.262 and N/N, = €°°** = 0.77,

The number of disintegrations per second (dig/'sec) of a radioisotope is
caled the activity, A. Since the decay constant | isthe chance of decay each
second of one nucleus, for N nucle the activity is the product

A=1 N.

For asample of cobalt-60 weighing 1 ng, which is aso 10 atoms,
A= (415" 10°) (10") = 4.15" 10’ dig/sec.

T If | isthe chance one nucleus will decay in a second, then the chance in atime interval
dtis | dt. For N nucle, the change in number of nuclei is dN = -l Ndt. Integrating, and letting
the number of nuclei at time zero be N, yields the formula quoted. Note that if

e— It - (1/3 tltH
lt=thylog 2 or | =(log 2)/t.
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The unit dig/sec is called the becquerd (Bg), honoring the scientist who
discovered radioactivity.

Another older and commonly used unit of activity is the curie (Ci)
named after the French scientists Pierre and Marie Curie who studied
radium. The curie is 3.7° 10" dis/sec, which is an early measured value of
the activity per gram of radium. Our cobalt sample has a “strength” of
(415" 10’ Bg)/(3.7° 10" Bg/Ci) = 0.0011 Ci or 1.1 mCi.

The hdf-life tells us how long it takes for half of the nuclel to decay,
while a related quantity, the mean life, t (tau), is the average time elapsed
for decay of an individua nucleus. It turns out that t is 1/l and thus equal to
t4/0.693. For Co-60,tis7.6Y.

Computer Exercise 3.A calculates activities using a spreadsheet and 3.B
displays formulas, calculations, and a graph of decay.

3.3 Radioactive Chains

Radionuclides arise in severa processes. They may be produced by the
bombardment of stable nuclei by charged particles as in an accelerator or by
neutrons as in a nuclear reactor. Or, they may come from other
radionuclides, in which the “parent” nuclide decays and produces a
“daughter” isotope. Still more generaly, there may be a sequence of decays
between a series of radionuclides, caled a “chain,” leading eventualy to a
stable nucleus.

Let us examine the method of calculating yields of some of these
processes. The easiest case is the generation rate that is constant in time.
For example, suppose that neutrons absorbed in cobalt-59 create cobalt-60
at arate g. The net rate of change with time of the number of cobalt-60
aomsis

rate of change = generation rate — decay rate

which may be written in the form of a differential equation,
dN/dt=g—1I N.

If the initial number is zero, the solution is
N=(g/l)(1- e't).

The function rises linearly at the start, then flattens out. At long times, the
exponential term goes toward zero, leaving N @g/l . Numerica values of
numbers of atoms and activity can be caculated using the BASIC program
GROWTH, described in Computer Exercise 3.C.

In the decay of a parent radionuclide to form a daughter radionuclide,
the generation rate g is an exponential function of time. Computer Exercise
3.D displays the solution of the differential equation and suggests tests of
the computer program RADIOGEN for the decay of plutonium-241 into
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americium-241.

Natural radioactive isotopes such as uranium-238 (4.46° 10° y) and
thorium-232 (1.4" 10" y) were produced hillions of years ago but till
persist because of their long half-lives. Their products form a long chain of
radionuclides, with the emisson of a particles and b particles. Those
forming the uranium series are:

»U, =Th, =Pa, =U, =Th,

25Ra, 2Rn, 28Po, 2Pb, 2uBi,

Po, oPb, %Bi, Z%Po, %Pb.
Note that radium-226 (1599 y) is farly far down the chain. The find
product is stable lead-206. Because of the very long haf-life of uranium-
238, the generation rate of its daughters and their descendants are
practically constant. Let uswrite g @ Nasg | 235, and apply the expression
for the number of atoms at long times to the radium-226, Nys @g/l 2.
Rearranging, the activities are approximately equal,

A238 @ A226;

acondition called secular equilibrium.

3.4  Measurement of Half-Life

Finding the hdf-life of an isotope provides part of its identification,
needed for beneficia use or for protection against radiation hazard. Let us
look at a method for measuring the haf-life of a radioactive substance. As
in Fg. 3.2, a detector that counts the number of particles striking it is placed
near the source of radiation. From the number of counts observed in a
known short time interva, the counting rate is computed. It is proportiona
to the rates of emission of particles or rays from the sample and thus to the
activity A of the source. The process is repeated after an elapsed time for

_)7'/ Radiation

Radian:twc Dretector

//\% ~

3.2  Measurement of radiation from radioactive source
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LD -,

Counting rate ~ activity

Time

Fig, 3.3 Activity plot

decay. The resulting values of activity are plotted on semilog graph paper as
in Fig. 3.3, and a straight line drawn through the observed points. From any
pairs of pointsonthelinel andty = 0.693/ can be calculated (see Exercise
3.8). The technique may be applied to mixtures of two radioisotopes. After
a long time has eapsed, only the isotope of longer half-life will contribute
counts. By extending its graph linearly back in time, one can find the counts
to be subtracted from the total to yield the counts from the isotope of shorter
hdf-life.

Activity plots cannot be used for a substance with very long haf-life,
eg., srontium-90, 29.1 y. The change in activity is dmost zero over the
span of time one is willing to devote to a measurement. However, if one
knows the number of atoms present in the sample and measures the activity,
the decay constant can be calculated from | = A/N, from which t, can be
found.

The measurement of the activity of a radioactive substance is
complicated by the presence of background radiation, which is due to
cosmic rays from outside the earth or from the decay of mineras in
materials of construction or in the earth. It is dways necessary to measure
the background counts and subtract them from those observed in the
experiment.
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35 Summary

Many elements that are found in nature or are man-made are radioactive,
emitting a particles, b particles, and grays. The processis governed by an
exponential relation, such that half of a sample decays in a time called the
hdf-life t,. Values of ty range from fractions of a second to billions of
years among the hundreds of radioisotopes known. Measurement of the
activity, as the disintegration rate of a sample, yidds haf-life vaues, of
importance in radiation use and protection.

3.6 Exercises

3.1. Find the decay constant of cesium-137, half-life 30.2 y; then calculate the activity in
becquerels and curies for asample containing3 ~ 10 atoms.

3.2. Calculate the activity A for 1 g of radium-226 using the modern value of the haf-life,
and compare it with the definition of acurie.

3.3. The radioisotope sodium-24 (2 Na), half-life 15 h, is used to measure the flow rate of

st water. By irradiation of stable ZNa with neutrons, suppose that we produce 5
micrograms of the isotope. How much do we have at the end of 24 h?

3.4. For a 1-mg sample of Na24, what istheinitia activity and that after 24 hours, in dis/sec
and curies? See Exercise 3.3.

3.5. The isotope uranium-238 (%% U ) decays successively to form 2% Th, 2*Pa, 2/U , and

Toa

Z0Th, findly becoming radium-226 (%2 Ra). What particles are emitted in each of these
five steps? Draw a graph of this chain, using A and Z values on the horizontal and vertical
axes, respectively.

3.6. A capsule of cesium-137, half-life 30.2 y, is used to check the accuracy of detectors of
radioactivity in air and water. Draw a graph on semilog paper of the activity over a 10-y
period of time, assuming the initial strength is 1 mCi. Explain the results.

3.7. There are about 140 grams of potassium in a typical person’s body. From this weight,
the abundance of potassium-40, and Avogadro’s number, find the number of atoms. Find the
decay constant in s*. How many disintegrations per second are there in the body? How many
becquerels and how many microcuriesis this?

3.8 (a) Noting that the activity of aradioactive substanceis A=1 Noe'!, verify that the graph
of counting rate vs. time on semilog paper is a straight line and show that

o loge(Cy/ &)
th-14

where points 1 and 2 are any pair on the curve.
(b) Using the following data, deduce the haf-life of an “unknown,” and suggest what
isotopeitis.

Time(s)  Counting rate (/s)

0 200
1000 182
2000 162
3000 144

4000 131
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3.9. By chemical means, we deposit 10® moles of a radioisotope on a surface and measure
the activity to be 82,000 dis/sec. What is the half-life of the substance and what element isit
(seeTable3.1)?

Computer Exercises

3A. The spreadsheet Lotus 1-2-3 is convenient for calculating the amount of decay of a
radioactive sample in a given time. Program DECAY 1 has input of the origina number of
curies and the haf-life; it caculates the final number of curies. Load the program, examine
its form, and look at the results for the decay in 100 y of cesium-137, half-life 30.2'y. Then
change input, e.g., x = 302 y (10 half-lives), or enter figures for another radionuclide such as
cobalt- 60.

3.B. The details of a calculation of radioactive decay are presented in the BASIC program
DECAY. By means of a set of menus, the equations and solution can be inspected, useful
numbers noted, calculations carried out, and a graph of the results viewed. Run the program,
using the menus, making choices as desired. Then modify the program to handle another
radionuclide.
3.C. GROWTH is a program in BASIC that calculates the number of radioactive cobalt-60
atoms and their activity, assuming a constant generation rate.

(a) Load and run the program, exploring its menus.

(b) Modify the program to calculate the growth of sodium-24 (15 h) resulting from
neutron capture in sodium-23.
3.D. The number of atoms of aparent radioisotope initially is Ngo. At any time, the number
astheresult of decay is

N =Npo Ep
where
E, = exp(-l o).

Let k be the fraction of parents that decay into a particular daughter. Then the generation rate
for the latter is

0=KkNylp.

The solution of the differential equation

de/dt: g-| d Ng
is

Ng= Kl yNpo (B -E)l(l g - 1))

where

Eq =exp (-l ).
BASIC computer program RADIOGEN uses these formulas to calculate the number of
atoms N, and Ny asafunction of time and their activities. Test the program for the decay by

beta emission of 10 Ci of reactor-produced plutonium-241, (14.4 y) into americium-241 (432
y), withk = 1.

3.7 References for Chapter 3

Richard B. Firestone and Virginia S. Shirley, Table of |sotopes, 8th Ed., John Wiley & Sons,
New Y ork, 1998. Two volumes with nuclear structure and decay data for over 3,100
isotopes.

WebElements Periodic Table
http://www.webelements.com
Probably the best of its kind.
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W. B. Mann, R. L. Ayres, and S. B. Garfinkel, Radioactivity and Its Measurement, 2nd
edition, Pergamon Press, Oxford, 1980. History, fundamentals, interactions, and detectors.
Serves as a supplement to NCRP Report No. 58 (g.v.). Out of print, unfortunately.

Handbook of Radioactivity Measurement Procedures, NCRP report No. 58, 2nd edition,
National Council of Radiation Protection and Measurements, Bethesda, MD, 1985. A
comprehensive and authoritative reference. An appendix lists radionuclides of biomedical
importance.

Alfred Romer, Editor, The Discovery of Radioactivity and Transmutation, Dover
Publications, New Y ork, 1964. A collection of essays and articles of historical interest.
Researchers represented are Becquerel, Rutherford, Crookes, Soddy, the Curies, and others.

Alfred Romer, Editor, Radioactivity and the Discovery of Isotopes, Dover Publications, New
York, 1970. Selected original papers, with athorough historical essay by the editor entitled,
“The Science of Radioactivity 1896-1913; Rays, Particles, Transmutations, Nuclei, and

I sotopes.”

Robley D. Evans, The Atomic Nucleus, New Y ork, Krieger Publishing Co. Melbourne, FL,
1982. Classic advanced textbook.

Merril Eisenbud and Thomas F. Gesell, Environmental Radioactivity, 4th edition, Academic
Press, New Y ork, 1987. Subtitle: From Natural, Industrial, and Military Sources. Includes
information on the Chernobyl reactor accident.

Michael F. L’ Annunziata, Editor, Handbook of Radioactivity Analysis, Academic Press, New
York, 1998. An advanced reference of 771 pages. Many of the contributors are from
commercia instrument companies.

ABC's of Nuclear Science
http://www.|bl.gov/Education/index.html
Radioactivity, radiations, and suggested experiments.

Radioactivity in Nature

http://www.physics.isu.edu/radinf/natural .htm

Facts and data on natural and manmade radioactivity and on radiation. From Idaho State
University Physics Department.

Radiation and Health Physics
http://www.umich.edu/~radinfo
Select Introduction to Radiation. From University of Michigan

Radioactive Decay Series

http://www.uic.com.au/neAp2.htm

Diagrams of uranium, thorium, and actinium series. Part of an online book Nuclear
Electricity, accessible from this site.

History of Radioactivity
http://mww.accessexcellence.com/AE/AEC/CC
Biographies of scientists responsible for discoveries, by Genentech.

Environmental Radiation and Uranium: A Radioactive Clock
http://scifun.chem.wisc.edu/chemweek/Radi ati on/Radi ation.html
Briefings on radiation and its effect; uranium decay series.



4

Nuclear Processes

NUCLEAR REACTIONS- those in which atomic nuclel participate- may take
place spontaneoudy, as in radioactivity, or may be induced by
bombardment with a particle or ray. Nuclear reactions are much more
energetic than chemical reactions, but they obey the same physical laws-
conservation of momentum, energy, number of particles, and charge.

The number of possible nuclear reactions is extremely large because
there are about 2000 known isotopes and many particles that can either be
projectiles or products- photons, €ectrons, protons, neutrons, apha
particles, deuterons, and heavy charged particles. In this chapter we shall
emphasize induced reactions, especialy those involving neutrons.

4.1 Transmutation of Elements
The converson of one element into another, a process caled
transmutation, was first achieved in 1919 by Rutherford in England. He
bombarded nitrogen atoms with a particles from a radioactive source to
produce an oxygen isotope and a proton, according to the equation
4He+ UN® O+ IH.

We note that on both sides of the equation the A values add to 18 and the Z
values add to 9. Figure 4.1 shows Rutherford’ s experiment. It is difficult for
the positively charged a particle to enter the nitrogen nucleus because of the
electrical forces between nuclei. The a particle thus must have several MeV
energy.

Nuclear transmutations can also be achieved by charged particles that
are dectricaly accderated to high speeds. The first such example
discovered was the reaction

IH+ ILi ® 23He.
Another reaction,

IH+ Z2C® BN +g,
yields a gamma ray and an isotope of nitrogen. The latter decays with a
hdf-life of 10.3 min, releasing a positron, the podtive counterpart of the

eectron.
Since the neutron is a neutral particle it does not experience e ectrostatic

37
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Rutherford's experiment
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Fig. 4,1 Transmulation by nuclear reaction

repulsion and can readily penetrate a target nucleus. Neutrons are thus
especidly useful as projectiles to induce reactions. Several examples are
chosen on the basis of interest or usefulness. The conversion of mercury
into gold, the achemist’s dream, is described by

in+ BHg® BAu+ IH.
The production of cobat-60 is governed by
§n+ $5Co® $Co+g,
where a capture gammaray is produced. Neutron capture in cadmium, often
used in nuclear reactor control rods, is given by
in+ Cd® WCd+g.

A reaction that produces tritium, which may be a fuel for controlled

fusion reactors of the future, is
in+ §Li® 3H + jHe.

A shorthand notation is used to represent nuclear reactions. Let an
incoming particle a strike a target nucleus X to produce aresidua nucleus'Y
and an outgoing particle b, with equation a + X = Y + b. The reaction may
be abbreviated X(a, b)Y, where a and b stand for the neutron (n), alpha
particle (a), gamma ray (g), proton (p), deuteron (d), and so on. For
example, Rutherford’s experiment can be written **N(a, p)'’O and the

reaction in control rods **Cd(n, g*“Cd. The Z value can be omitted since it
is unique to the chemica element.
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The interpretation of nuclear reactions often involves the concept of
compound nucleus. This intermediate stage is formed by the combination of
a projectile and target nucleus. It has extra energy of excitation and breaks
up into the outgoing particle or ray and the residua nucleus.

Later, in Section 6.1, we shall discuss the absorption of neutrons in
uranium isotopes to cause fission.

The reaction equations can be used to calculate balances in properties
such as mass-energy, visualizing conditions before and after. In place of the
symbols, the atomic masses are inserted. Strictly, the masses of the nuclei
should be used, but in most reactions, the same number of electrons appear
on both sides of the equation and cancel out. In the case of reactions that
produce a positron, however, either nuclear masses should be used or
atomic masses with the subtraction of the mass-energy required to create an
electron-positron pair, 0.0011 amu or 1.02 MeV.

4.2  Energy and Momentum Conservation
The conservation of mass-energy is a firm requirement for any nuclear
reaction. Recall from Chapter 1 that the total mass is the sum of the rest
mass m, and the kinetic energy E, (in mass units). Let us calculate the
energy released when a dow neutron is captured in hydrogen, according to
in+ IH® 2H +g .

This process occurs in reactors that use ordinary water. Conservation of
mass-energy says
mass of neutron + mass of hydrogen atom =

mass of deuterium atom + kinetic energy of products.

We use accurately known masses, as given in the Appendix, dong with a
conversion factor 1 amu = 931.49 MeV,

1.008665 + 1.007825 ® 2.014102 + E,

from which E, = 0.002388 amu with an energy release per capture of 2.22
MeV. This energy is shared by the deuterium atom and the gamma ray,
which has no rest mass.

A smilar calculation can be made for the proton-lithium reaction of the
previous section. Suppose that the target nucleus is at rest and that the
incoming proton has a kinetic energy of 2 MeV, which corresponds to
2/931.49 = 0.002147 amu. The energy balance statement is

kinetic energy of hydrogen + mass of hydrogen + mass of lithium
= mass of helium + kinetic energy of helium,
0.002147 + 1.007825 + 7.016004 = 2(4.002603 ) + E,..

Then E, = 0.02077 amu = 19.3 MeV. This energy is shared by the two a
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particles.

The calculations just completed tell us the total kinetic energy of the
product particles but do not reveal how much each has, or what the speeds
are. To find this information we must apply the principle of conservation of
momentum. Recall that the linear momentum p of a materia particle of
mass mand speed u is p = nu. Thisrdation is correct in both the classica
and relativistic senses. The total momentum of the interacting particles
before and after the collision is the same.

For our problem of a very sow neutron striking a hydrogen atom at ret,
we can assume the initid momentum is zero. If it is to be zero findly, the
*H and g ray must fly apart with equal magnitudes of momentum py = ps.
The momentum of a g ray having the speed of light ¢ may be written py =
mc if we regard the mass as an effective value, related to theg energy E; by
Eingtein’s formula E = mc?. Thus

-5
-

Most of the 2.22 MeV energy release of the neutron capture reaction
goesto the g ray, as shown in Exercise 4.5. Assuming that to be correct, we
can estimate the effective mass of this g ray. It is close to 0.00238 amu,
which is very small compared with 2.014 amu for the deuterium. Then from
the momentum balance, we see that the speed of recoil of the deuterium is
very much smaller than the speed of light.

The caculation of the energies of the two a particles is a little
complicated even for the case in which they separate along the same line
that the proton entered. The particle speeds of interest are low enough that
relativistic mass variation with speed is small, and thus the classical formula
for kinetic energy can be used, E, = (1/2)myu °. If we let mbe the a particle
mass and u ; and u , be their speeds, with py the groton momentum, we
must solve the two equations

mu, - mu, = p,.

Py

1 2 1 2 _
—mu,” + -, =E,.

4.3 Reaction Rates

When any two particles approach each other, their mutual influence
depends on the nature of the force between them. Two €electricaly charged
particles obey Coulomb’s relation F ~ g, 0,/r*> where the g’ s are the amounts
of charge and r is the distance of separation of centers. There will be some
influence no matter how far they are apart. However, two atoms, each of
which is neutral eectrically, will not interact until they get close to one
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another (@10™"° m). The specia force between nucle is limited still further
(@10™ m).

Although we cannot see nuclei, we imagine them to be spheres with a
certain radius. To estimate that radius, we need to probe with another
particle- a photon, an electron, or ag ray. But the answer will depend on the
projectile used and its speed, and thus it is necessary to specify the apparent
radius and cross sectional area for the particular reaction. This leads to the
concept of cross section, as a measure of the chance of collision.
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Fii. 4.2 Particle collisions,

We can perform a set of imaginary experiments that will clarify the idea
of cross section. Picture, as in Fig. 4.2(a), a tube of end area 1 cnt
containing only one target particle. A single projectile is injected pardld to
the tube axis, but its exact location is not specified. It is clear that the
chance of collison, labeled s (sgma) and caled the microscopic cross
section, is the ratio of the target area to the area of the tube, which is 1 cnt.
In Computer Exercise 4.A the programs MOVENEUT and CURRENT
show graphically the flow of neutronsin a column.

Now let us inject a mntinuous stream of particles of speed u into the
empty tube (see Fig. 4.2(b)). In a time of one second, each of the particles
has moved aong a distance u cm. All of them in a column of volume (1
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cn?) (U cm) = u cm’ will sweep past a point at which we watch each
second. If there are n particles per cubic centimeter, then the number per
unit time that cross any unit area perpendicular to the stream direction is
nu , called the current density.

Finadly, Fig. 4.2(c) we fill each unit volume of the tube with N targets,
each of areas as seen by incoming projectiles (we presume that the targets
do not “shadow” each other). If we focus attention on a unit volume, there
is atota target area of Ns. Again, we inject the stream of projectiles. In a
time of one second, the number of them that pass through the target volume
is nu; and since the chance of collision of each with one target atom is s,
the number of collisonsis nu Ns. We can thus define the reaction rate per
unit volume,

R=nu Ns.
We let the current density nu be abbreviated by | and let the product Ns be
labeled S (capital sigma), the macroscopic cross section, referring to the
large-scale properties of the medium. Then the reaction rate per cubic
centimeter issimply R = jS. We can easily check that the units of j are cm’
s* and those of S are cm™, so that the unit of Riscm® s™.

In a different experiment, we release particles in a medium and alow
them to make many collisions with those in the materid. In a short time, the
directions of motion are random, as sketched in Fig. 4.3. We shal look only
at particles of the same speed u, of which there are n per unit volume. The
product nu in this stuation is no longer caled current dendty, but is given
a different name, the flux, symbolized by f (phi). If we place a unit area
anywhere in the region, there will be flows of particles across it each second
from both directions, but it is clear that the current dengties will now be
less than nu. It turns out that they are each nu /4, and the tota current
dendity is nu /2. The rate of reaction of particles with those in the medium
can be found by adding up the effects of individual projectiles. Each

/% %

&
o 40

Urnit area

ot-"o\g/' "

Fic. 4.3  Particles in random motion.
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behaves the same way in interacting with the targets, regardless of direction
of motion. The reaction rate is again nu Ns or, for thisrandom motion, R =
f S.

The random motion of particles can be smulated mathematically by the
use of random numbers, which form a collection of decima fractions that
are independent and are uniformly distributed over the range O -1. They are
useful for the study of neutron and gamma ray processes, both of which are
governed by statistics. Computer Exercise 4.B describes their generation by
three small programs RANDY, RANDY 1, and RANDY 2.

When a particle such as a neutron collides with atarget nucleus, thereis
a certain chance of each of severa reactions. The smplest is eastic
scattering, in which the neutron is visualized as bouncing off the nucleus
and moving in a new direction with a change in energy. Such a collison,
governed by classcal physics, is predominant in light elements. In the
inelastic scattering collision, an important process for fast neutrons in heavy
elements, the neutron becomes a part of the nucleus; its energy provides
excitation; and a neutron is released. The cross section s is the chance of a
collison that results in neutron scattering. The neutron may instead be
absorbed by the nucleus, with cross section s,. Since s, and s are chances
of reaction, their sum is the chance for collision or total cross section s =s,
+ s .. Computer Exercise 4.A aso introduces a program called CAPTURE
related to neutron capture and another called HEADON describing a
scattering collison of a neutron with a nucleus in which the neutron
direction is exactly reversed.

Let us illustrate these ideas by some caculations. In a typica nuclear
reactor used for training and research in universities, a large number of
neutrons will be present with energies near 0.0253 €V. This energy
corresponds to a most probable speed of 2200 m/s for the neutrons viewed
as agas at room temperature, 293 K. Suppose that the flux of such neutrons
is2” 10" cmi*-s*. The number density is then

_f _2710%am?- s
u 2.2” 10°cm/s

=9” 10° cm-s

Although this is a very large number by ordinary standards, it is
exceedingly small compared with the number of water molecules per cubic
centimeter (3.3 ~ 10%) or even the number of air molecules per cubic
centimeter (2.7 ~ 10"). The “neutron gas’ in a reactor is amost a perfect
vacuum.

Now let the neutrons interact with uranium-235 fuel in the reactor. The
cross section for absorption s, is 681" 10%* cn’. If the number density of
fud aoms is N = 0048 ~ 10°* cm?, as in uranium meta, then the
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Macroscopic Cross section is
S.=Ns,=(0.048" 10 cm®) (681" 10> cm?) = 32.7 cm™.

The unit of area 10% cn? is conventionaly called the barn.t If we express
the number of targets per cubic centimeter in units of 10** and the
MiCroscopic cross section in barns, then S, = (0.048) (681) = 32.7 cmi* as
above. With a neutron flux f = 3 ~ 10 cm®-s*, the reaction rate for
absorption is

R=f S,=(3" 10®°cm?-s") (382.7cm") =9.81" 10" cm?-s™.
Thisis aso the rate at which uranium-235 nuclei are consumed.

The average energy of neutrons in a nuclear reactor used for electrical
power generation is about 0.1 €V, amost four times the value used in our
example. The effects of the high temperature of the medium (about 600°F)
and of neutron absorption give rise to this higher vaue.

Surface \\ Material

J Current density

Distance z

Fic. 4.4  MNeutron penctration and attenuation.

4.4 Particle Attenuation

Visudize an experiment in which a stream of particles of common speed
and direction is alowed to strike the plane surface of a substance as in Fig.
4.4. Collisons with the target atoms in the materia will continualy remove
projectiles from the dream, which will thus diminish in srength with
distance, a process we label attenuation. If the current density incident on
the substance at position z = 0 islabeled j,, the current of those not having

T Asthe story goes, an early experimenter observed that the cross section for U-235 was
“ashigasabarn.”
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made any collison on penetrating to a depth z is given byt

j Toe®,
where S is the macroscopic cross section. The similarity in form to the
exponential for radioactive decay is noted, and one can deduce by analogy
that the half-thickness, the distance required to reduce j to hdf its initid
vaue, is z4 = 0.693/S. Another more frequently used quartity is the mean
free path | , the average distance a particle goes before making a collision.
By analogy with the mean life for radioactivity, we can writet

| = VS.

This rdation is applicable as wel to particles moving randomly in a
medium. Consider a particle that has just made a collison and moves off in
some direction. On the average, it will go adistance | through the array of
targets before colliding again. For example, we can find the mean free path
of 1 eV neutrons in water, assuming that scattering by hydrogen with cross
section 20 barns is the dominant process. Now the number of hydrogen
aomsis Ny = 0.0668 “ 10°* cm®, s, is20 ~ 10* cn?, and S = 1.34 cmi™.
Thus the mean free path for scattering | s isaround 0.75 cm.

The cross sections for atoms interacting with their own kind at the
energies corresponding to room temperature conditions are of the order of
10™ cn?. If we equate this areato p r? the calculated radii are of the order
of 10° cm. Thisisin rough agreement with the theoretical radius of electron
motion in the hydrogen atom 0.53 ~ 10® cm. On the other hand, the cross
sections for neutrons interacting with nuclel by scattering collisions, those
in which the neutron is deflected in direction and loses energy, are usualy
very much smaller than those for atoms. For the case of 1 eV neutrons in
hydrogen with a scattering cross section of 20 barns, i.e, 20 ~ 10% cn?,
one deduces a radius of about 2.5 ~ 10™ cm. These results correspond to
our earlier observation that the rucleus is thousands of times smaller than
the atom.

45 Neutron Cross Sections

The cross section for neutron absorption in materials depends greetly on
the isotope bombarded and on the neutron energy. For consistent

T The derivation proceeds as follows. In a dab of material of unit area and infinitesimal
thickness dz, the target area will be Nsdz. If the current at z isj, the number of collisions per
second in the slab is jNsdz, and thus the change in j on crossing the layer is dj = -jSdz where
the reduction is indicated by the negative sign. By analogy with the solution of the
radioactive decay law, we can write the formula cited.

T This relation can be derived directly by use of the definition of an average as the sum
of the distances the particles travel divided by the total number of particles. Using integrals,

thisis = oz dj /dij.
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comparison and use, the cross section is often cited at 0.0253 eV,
corresponding to neutron speed 2200 m/s. Vaues for absorption cross
sections for a number of isotopes at that energy are listed in order of
increasing size in Table 4.1. The dependence of absorption cross section on
energy is of two types, one caled 1/u , inwhich s , variesinversely with
neutron speed, the other caled resonance, where there is a very strong
absorption a certain neutron energies. Many materials exhibit both
variations. Figures 4.5 and 4.6 show the cross sections for boron and natural
uranium. The use of the logarithmic plot enables one to display the large
range of cross section over the large range of energy of interest. Neutron
scattering cross sections are more nearly the same for all elements and have
less variation with neutron energy. Figure 4.7 shows the trend of s s for
hydrogen as in water. Over a large range of neutron energy the scattering
cross section is nearly congtant, dropping off in the million-electron-volt
region. This high energy range is of specia interest since neutrons produced
by the fisson process have such energy values.
TaBLE4.1

Selected Thermal Neutron Absorption Cross Sections
(in order of increasing size) T

Isotope S 4 (barns)
or element
sHe @
180 0.00019
2H 0.00051
120 0.0035
Zr 0.19
I 0.332
U 2.7
Mn 13.3
In 197
5 681
2 py 1022
10g 3840

mye 2,650,000
TCRC Handbook of Chemistry and Physics.

The competition between scattering and capture for neutrons in a
medium is statistical in nature. The number of scattering collisons that
occur before an absorption removes the neutron may be none, one, a few, or
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Fig. 4.5 Absorption cross section for elemental boron.

many. Computer Exercise 4.C discusses the program ABSCAT, which
simulates the statistical competition.

46  Neutron Migration

When fast neutrons, those of energy of the order of 2 MeV, are
introduced into a medium, they make indagtic or dastic collisons with
nuclei. Upon each elastic collison neutrons are deflected in direction, they
lose energy, and they tend to migrate away from their origin. Each neutron
has a unique history, and it is impractical to keep track of al of them.
Instead, we seek to deduce average behavior. First, we note that the elastic
scattering of a neutron with an initially stationary nucleus of mass number A
causes a reduction in neutron energy from E, to E and a change of direction
through an angle q (theta), as sketched in Fig. 4.8. The length of arrows
indicates the speeds of the particles. This example shown is but one of a
great variety of possible results of scattering collisons. For each fina
energy there is a unique angle of scattering, and vice versa, but the
occurrence of aparticular E and q pair depends on chance. The neutron may
bounce directly backward, g = 180°, dropping down to a minimum energy
a B, where a = (A - 1)%/(A + 1)% or it may be undeflected, g = 0°, and
retain its initid energy Eo, or it may be scattered through any other angle,
with corresponding energy loss. For the special case of a hydrogen nucleus
as scattering target, A =1 and a = 0, so that the neutron loses dl of its
energy in a head-on collison. As we shdl see later, this makes water a
useful materia in a nuclear reactor.

The process of neutron scattering with energy loss is graphicaly
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displayed by application of BASIC program SCATTER, see Computer

Exercise 4.D.
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The average eadtic scattering collision is described by two quantities
that depend only on the nucleus, not on the neutron energy. The first is
cosq , the average of the cosines of the angles of scattering, given by

cosq -2
3A

108 |-

cr‘“h-m

e
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1 1 | 1 | 1 1 | 1 1
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Fic. 4.7 Scattering cross section for hydrogen

For hydrogen, it is 2/3, meaning that the neutron tends to be scattered in
the forward direction; for a very heavy nucleus such as uranium, it is near
zero, meaning that the scattering is amost equdly likely in each direction.
Forward scattering results in an enhanced migration of neutrons from their
point of appearance in a medium. Their free paths are effectively longer,

and it is conventional to use the transport mean freepath | =1/ (1 - cosq)
instead of | s to account for the effect. We note that |  is dways the larger.

Energy E
Neulron iz . Mocleus

Before callision

After collision .\

Fic. 48 Neutron scattering and energy loss.
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Consider dow neutrons in carbon, for which s ¢ = 4.8 barns and N = 0.083,
sothat Sg = 0.4 cm* and | ¢ = 2.5 cm. Now cosg = 2/(3)(12) = 0.056, 1 -
cosq =0.944,and | , =2.5/0.994 = 2.7 cm.

The second quantity that describes the average collision is x (xi), the
average change in the natural logarithm of the energy, given by
alna

x=1+ .
1-a

For hydrogen, it is exactly 1, the largest possible value, meaning that
hydrogen is a good “moderator” for neutrons, its nucle permitting the
greatest neutron energy loss, for a heavy element it isx @2/(A + 2/3) which
is much smaller than 1, e.g., for carbon, A =12, it is0.16.

To find how many collisons C are required on the average to sow
neutrons from one energy to another, we merely divide the total change in
In E by x, the average per collision. In going from the fission energy 2~ 10°
eV to the therma energy 0.025 eV, the total change is In (2 x 10°) -
In(0.025) = In(8 ~ 10") = 18.2. Then C = 18.2/x. For example in hydrogen, x
=1, Cis 18, whilein carbon x = 0.16, C is 114. Again, we see the virtue of
hydrogen as a moderator. The fact that hydrogen has a scattering cross
section of 20 barns over a wide range while carbon has a s of only 4.8
barns implies that collisions are more frequent and the dowing takes place
in a smaler region. The only disadvantage is that hydrogen has a larger
thermal neutron absorption cross section, 0.332 barns versus 0.0035 barns
for carbon.

The statistical nature of the neutron slowing process is demonstrated in
Computer Exercise 4.E, which uses program ENERGY to calculate the
number of collisions to go from fisson energy to thermal energy in carbon.

The movement of individua neutrons through a moderator during
dowing conssts of free flights, interrupted frequently by collisons that
cause energy loss. Picture, asin Fig. 4.9, a fast neutron starting at a point,
and migrating outward. At some distance r away, it arrives at the thermal
energy. Other neutrons become thermal at different distances, depending on
their particular histories. If we were to measure al of their r values and
form the average of r?, theresult wouldbe r2 = 6t, wheret (tau) iscalled
the “age” of the neutron. Approximate values of the age for various
moderators, as obtained from experiment, are listed below:

Moderator t, ageto thermal (cm?)
H,0 26
D,O 125
C 364

We thus note that water is a much better agent for neutron dowing than is
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graphite.

As neutrons dow into the energy region that is comparable to thermal
agitation of the moderator atoms, they may either lose or gain energy on
collison. Members of a group of neutrons have various speeds at any
instant and thus the group behaves as a gas in maxwellian distribution, as
was shown in Figure 2.1 and discussed in Exercise 2.15. The neutron group
has a temperature T that is close to that of the medium in which they are
found. Thus if the moderator is & room temperature 20°C, or 293 K, the
most likely neutron speed is around 2200 my/s, corresponding to a kinetic
energy of 0.0253 eV. The neutrons are said to be thermal, in contrast to fast
or intermediate.

Another parameter that characterizes neutron migration while at thermal
energy is the diffuson length, symbolized by L. By anaogy to the dowing
process, the average square distance between origin and absorption is given
by rz2 =6 L?. Approximate values of L for three moderators are listed
below.

M oderator L, Diffusion length (cm)
H,O 2.85
DO 116
C 54

According to theory, L = \/D /'S, ,where D = | /3. This shows that the
addition of an absorber to pure moderator reduces the distance neutrons
travel, as expected.

The process of diffusion of gas molecules is familiar to us. If a bottle of
perfume is opened, the scent is quickly observed, as the molecules of the
substance migrate away from the source. Since neutrons in large numbers
behave as a gas, the descriptions of gas diffuson may be applied. The flow
of neutrons through a medium at a location is proportiona to the way the
concentration of neutrons varies, in particular to the negative of the dope of
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the neutron number density. We can guess that the larger the neutron speed
u and the larger the transport mean free path | ; the more neutron flow will
take place. Theory and measurement show that if n variesin the z-direction,
the net flow of neutrons across a unit area each second, the net current
density, is
.- [ tU @

S
This is called Fick’'s law of diffusion, drived long ago for the description
of gases. It appliesif absorption is smal compared with scattering. In terms
of the flux f = nu and the diffusion coefficient D =1 /3, this may be
written compactly j = - D f ¢wheref ¢ isthe dope of the neutron flux.

47  Summary

Chemicd and nuclear eguations have similarities in the form of
equations and in the requirements on conservation of particles and charge.
The bombardment of nuclel by charged particles or neutrons produces new
nuclei and particles. Find energies are found from mass differences and
final speeds from conservation of momentum. The cross section for
interaction of neutrons with nuclei is a measure of the chance of collision.
Reaction rates depend mutualy on neutron flows and macroscopic cross
section. A stream of uncollided particles is reduced exponentidly as it
passes through a medium. Neutron absorption cross sections vary greatly
with target isotope and with neutron energy, while scattering cross sections
are relatively constant. Neutrons are dowed reedily by collisons with light
nuclei and migrate from their point of origin. On reaching thermal energy
they continue to disperse, with the net flow dependent on the spatia
variation of flux.

4.8 Exercises

4.1. The energy of formation of water from its constituent gases is quoted to be 54,500
ca/mole. Verify that this corresponds to 2.4 €V per molecule of H,O.

4.2. Complete the following nuclear reaction eguations:

invuNe [ )()+iH,

2H + $Be® E;( )+ &n.

4.3. Using the accurate atomic masses listed below, find the minimum amount of energy an a
particle must have to cause the transmutation of nitrogen to oxygen. (1;‘ N 14.003074,
4 He 4.002603, 170 16.999132, 1H 1.007825.)

4.4. Find the energy release in the reaction $Li(n,a) 3H, noting the masses én
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1.008665, 3H 3.016049, 4 He 4.002603, and %Li 6.015122.

4.5. A dow neutron of mass 1.008665 amu is caught by the nucleus of a hydrogen atom of
mass 1.007825 and the final products are a deuterium atom of mass 2.014102 and a gray.
The energy released is 2.22 MeV. If the g ray is assumed to have aimost all of this energy,

what is its effective mass in kg? What is the speed of the 21 H particlein m/s, using equality
of momenta on separation? What is the recoil energy of 21H in MeV? How does this
compare with the total energy released? Was the assumption about the gray reasonable?

4.6. Calculate the speeds and energies of the individua a particles in the reaction

IH+ ILi® 2 4He, asuming that they separate along the line of proton motion. Note
that the mass of the lithium-7 atom is 7.016004.

4.7. Caculate the energy release in the reaction

13 13 0
SN® BBC+ Jfe.

The atomic masses are 12N 13.005739, 3C 13.003355, and the masses of the positron
and electron are 0.000549. Calculate (a) using nuclear masses, subtracting the proper number
of electron masses from the atomic masses, and (b) using atomic masses with account for the
energy of pair production.

4.8. Calculate the macroscopic cross section for scattering of 1 €V neutronsin water, using N
for water as 0.0334 ~ 10?* cm® and cross sections 20 barns for hydrogen and 3.8 barns for
oxygen. Find the mean free path | ..

4.9. Find the speed u and the number density of neutrons of energy 1.5 MeV in aflux 7
“ 108 emizst,

4.10. Compute the flux, macroscopic cross section and reaction rate for the following data: n
=27 10°cm® u=3" 10®cnm/sec, N=0.04" 10** cm'®, s =0.5" 10 cn.

4.11. What are the values of the average logarithmic energy change x and the average cosine

of the scattering angle cosq for neutrons in beryllium, A = 9? How many collisions are

needed to slow neutrons from 2 MeV to 0.025 eV in Be-9? What is the value of the diffusion
coefficient D for 0.025 eV neutronsif S is0.90 cm?

4.12. (a) Verify that neutrons of speed 2200 m/s have an energy of 0.0253 €V. (b) If the
neutron absorption cross section of boron at 0.0253 eV is 760 barns, what would it be at 0.1
eV ? Does this result agree with that shown in Fig. 4.5?

4.13. Cdlculate the rate of consumption of U-235 and U-238 inaflux of 25" 10 cm?s?
if the uranium atom number density is 0.0223 ~ 10%* cm3, the atom number fractions of the
two isotopes are 0.0072 and 0.9928, and cross sections are 681 barns and 2.7 barns,

respectively. Comment on the results.

4.14. How many atoms of boron-10 per atom of carbon-12 would result in an increase of
50% in the macroscopic cross section of graphite? How many 1°B atoms would there then be
per million **C atoms?

4.15. Calculate the absorption cross section of the element zirconium using the isotopic data
in the following table:

Massnumber  Abundance  Cross section

(atom %) (barns)
0 51.45 0.014
91 11.22 12
92 17.15 0.2

94 17.38 0.049
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96 2.80 0.020

Compare the result with the figure given in Table 4.1.

4.16. The total cross section for uranium dioxide of density 10 g/cm?® is to be measured by a
transmission method. To avoid multiple neutron scattering, which would introduce error into the
results, the sample thickness is chosen to be much smdler than the mean free path of neutronsin
the material. Using approximate cross sections for UO, of s = 15 barnsand s , of 7.6 barns,
find the macroscopic cross section S= S, + Sg. Then find the thickness of target tsuchthatt! =
0.05. How much attenuation in neutron beam would that thickness give?
4.17. The manganese content of a certain stainless stedl is to be verified by an activation
measurement. The activity induced in a sample of volume V by neutron capture during atimetis
given by

A=1f SM(1-exp(-1 1)].
A foil of area 1 cm? and thickness 2 mm is irradiated in a thermal neutron flux of 3~
10*%/cm?-s for 2 h. Counts taken immediately yield an activity of 150 mCi for the induced
Mn-56, half-life 2.58 h. Assuming that the atom number density of the alloy is 0.087 in units
of 10* and that the cross section for capture in Mn-55 is 13.3 barns, find the percent of Mn
in the sample.

4.18. For fast neutrons in uranium-235 metal, find the density r, the number of atoms per
cubic centimeter N, the macroscopic cross section S, and S, the transport mean free path | 4,
the diffusion coefficient D, and the diffusion length L. Note: the density of natural U (99.3%
U-238) is approximately 19.05 g/cm®; s . = 0.25 barns, s ; = 1.4 barns, and s = 6.8 barns
(Report ANL-5800, p. 581).

4.19. When a projectile of mass m; and vector velocity u; collides elastically with atarget of
mass m, and vector velocity u,, the final velocities are:

v = [2mpUp + (Mg - my) ugl/(my+ my)
Vo = [2 myuy + (Mz - my) ugl/(my+ my).
Find the velocitiesif u, = 0 and m, >> my. Discuss the results.

4.20. A neutron of energy E, collides head-on with a heavy nucleus of mass number A.
Using the velocity equations of Ex. 4.19, verify that the minimum neutron energy after
collisionisE; = a E, wherea = [(A- 1)/(A+ 1)]? Evaluate a and x for U-238.

Computer Exercises

4A. Several computer programs in BASIC provide visual images of neutron processes.
MOVENEUT merely shows a moving particle, CURRENT gives a flow of many particles;
CAPTURE dlows a moving neutron to be captured by a stationary target nucleus. Run the
programs to help visualize the processes. The program HEADON demonstrates an elastic
collision in which neutron direction is reversed. Run the program with various choices of
mass number A: 12 (carbon), 2 (deuterium), 238 (uranium), 1 (hydrogen). Note and report on
differences.

4.B. Random variables are numbers between 0 and 1 that are statistically independent. They
are a the heart of the method known as Monte Carlo (after the gambling casino in Monaco).
The BASIC language provides such numbers by the command RND(X).

(a) Program RANDY generates and prints out a sequence of random numbers. Run the
program two or three times to see results. Then delete the command RANDOMIZE TIMER
and repeat. Comment on the effect.

(b) Program RANDY1 is the same as RANDY acept that the average value is
calculated. Run the program with increasing values of input NT, the total number of random
numbers, to see what happens. What would you expect?
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(c) Program RANDY 2 isthe same as RANDY 1 except that additional statistical features
are calculated. Run the program; note and comment on the resullts.

4.C. On the average, scattering and absorption of neutrons is determined by the macroscopic
cross sections S, and S,. For a given neutron, however, by chance the number of scatterings
before being absorbed varies widely. The program ABSCAT uses random numbers to
describe the process. Run the program several times to note the variation. Explain how the
expected number of scatterings per absorption is cal culated.

4.D. The computer program SCATTER in BASIC shows the general elastic collision of a
neutron with a stationary nucleus, in which the neutron loses energy and moves off at an
angle from the origina direction, while the struck nucleus recoils in another direction. (a)
Run the program several times to see the variety of final motions. (b) Change the mass ratio
A (line 330) to 1, or 12, or 238, and observe differences.

4E. The energy loss of a neutron in an elastic collision with a nucleus can range from zero
to Ey (I -a). Thus there is considerable statistical variation in the number of collisions C
required to go between two energies. Using random numbers, computer program ENERGY
shows a set of values of C for neutron slowing in carbon between fission and thermal
energies. (8) Run the program to note the variation about the average of 114 collisions; (b)
Change the A value to 238 as for U-238 and run again; (c) Repesat for A= 1 asfor hydrogen.
(d) Make a large change in the number of histories, e.g., decrease or increase by a factor of
10, and note the effect.

4.F. Apply computer program ALBERT (See Chapter 1) to find a more accurate pair of
numbers (e.g., 7 significant figures) than 2200 m/s and 0.0253 eV b describe room
temperature 20°C neutrons at absolute temperature T = 293.15 K. Note: 1 eV=1.60217646
" 10" J and Boltzmann's constant in E = KT is 1.3806503 ~ 102 JK. What limits the
accuracy of the result?
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Radiation and Materials

THE WORD “radiation” will be taken to embrace al particles, whether they
are of materia or electromagnetic origin. We include those produced by
both atomic and nuclear processes and those resulting from electrical
acceleration, noting that there is no essentia difference between Xrays
from atomic collisons and gamma rays from nuclear decay; protons can
come from a particle accelerator, from cosmic rays, or from a nuclear
reaction in a reactor. The word “materials’ will refer b bulk matter,
whether of mineral or biologica origin, as well as to the particles of which
the matter is composed, including molecules, atoms, eectrons, and nuclei.

When we put radiation and materials together, a great variety of possible
Stuations must be considered. Bombarding particles may have low or high
energy; they may be charged, uncharged, or photons; they may be heavy or
light in the scale of masses. The targets may be similarly distinguished, but
they may aso exhibit degrees of binding that range from (a) none as for
“free” particles, to (b) weak, as for atoms in molecules and eectrons in
aoms, to (c) strong, as for nucleons in nucle. In most interactions, the
higher the projectile energy in comparison with the energy of binding of the
structure, the greater is the effect.

Out of the broad subject we shall select for review some of the reactions
that are important in the nuclear energy field. Looking ahead, we shall need
to understand the effects produced by the particles and rays from
radioactivity and other nuclear reactions. Materias affected may be in or
around a nuclear reactor, as part of its construction or inserted to be
irradiated. Materias may be of biologica form, including the human body,
or they may be inert substances used for protective shigding against
radiation. We shall not attempt to explain the processes rigoroudy, but be
content with quditative descriptions based on andogy with collisons
viewed on an elementary physics level.

5.1 Excitation and lonization by Electrons

These processes occur in the familiar fluorescent lightbulb, in an X-ray
machine, or in matter exposed to beta particles. If an electron that enters a
material has a very low energy, it will merely migrate without affecting the
molecules significantly. If its energy is large, it may impart energy to

57
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Fig. 5.1  Interaction of heavy ion with electron

atomic eectrons as described by the Bohr theory (Chapter 2), causing

excitation of eectrons to higher energy states or producing ionization, with

subsequent emission of light. When eectrons of inner orbits in heavy

elements are displaced, the resultant high-energy radiation is classed as X-

rays. These rays, which are so useful for internal examination of the human

body, are produced by accelerating electrons in a vacuum chamber to

energies in the kilovolt range and allowing them to strike a heavy eement

target. In addition to the X-rays due to transitions in the eectron orbits, a

similar radiation caled bremsstrahlung (German: braking radiation) is

produced. It arises from the deflection and resulting acceleration of
electrons as they encounter nuclel.

Beta particles as electrons from nuclear reactions have energies in the
range 0.01-1 MeV, and thus are capable of producing large amounts of
ionization as they penetrate a substance. As a rough rule of thumb, about 32
eV of energy is required to produce one ion pair. The beta particles lose
energy with each event, and eventually are stopped. For electrons of 1 MeV
energy, the range, as the typica distance of penetration, is no more than a
few millimetersin liquids and solids or afew metersin air.

5.2 Heavy Charged Particle Stopping by Matter

Charged particles such as protons, apha particles, and fisson fragment
ions are classfied as heavy, being much more massive that the electron. For
a given energy, their speed is lower than that of an electron, but their
momentum is greater and they are less readily deflected upon collision. The



Heavy Charged Particle Stopping by Matter 59

mechanism by which they dow down in matter is mainly electrogtatic
interaction with the atomic eectrons and with nuclei. In each case the
Coulomb force, varying as 1/r? with distance of separation r, determines the
result of a collision. Figure 5.1 illustrates the effect of the passage of an ion
by an atom. An electron is displaced and gains energy in an amount large
compared with its binding in the atom, creating an ion. Application of the
collison formulas of Ex. 4.19 leads to the energy change when a heavy
particle of mass my; and energy E, collides head-on with an eectron of
mass m, as approximately 4(mJ/my) E,. For example, for an apha particle
of 5 MeV, the loss by the projectile and the gain by the target are
4(0.000549/4.00) 5 = 0.00274 MeV or 2.74 keV. The electron is energetic
enough to produce secondary ionization, while hundreds of collisons are
needed to reduce the apha particle’s energy by as little as 1 MeV. As the
result of primary and secondary processes, agreat dea of ionization is
produced by heavy ions as they move through matter.

In contrast, when heavy charged particle comes close to a nucleus, the
electrogtatic force causes it to move in a hyperbolic path as in Figure 5.2.
The projectileis scattered through an angle that depends on the detailed nature
of the callison, i.e, theinitia energy and direction of motion of the incoming
ion relative to the target nucleus, and the magnitudes of electric charges of the
interacting particles. The charged particle loses asignificant amount of energy
in the process, in contragt with the dight energy loss on collison with an
electron. Unless the energy of the bombarding particle is very high and it
comes within the short range of the nuclear force, thereisasmall chance that
it can enter the nucleus and cause a nuclear reaction.

Nucleus

o

Fig. 5.2 Interaction of |'Il.-'il.'\-_'| ion with nucleus.
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A measure of the rate of ion energy loss with distance traveled is the
stopping power, symbolized by - dE /dx. It is dso known as the linear
energy transfer (LET). There are two separate components, atomic and
nuclear, that add to give the total, as tabulated in the NIST web site (see
References). Theoretical formulas giving the dependence on electric
charges, masses, and energy are given by Mayo (see References). A related
quantity is the range, which is the maximum distance of travel of a
projectile, as it makes multiple collisons in matter. Integration of the
reciproca of the stopping power yidds values of the range, dso given by
NIST. For example, the range of 4 MeV dpha particles in air is given as
3.147E-3 cn¥/g, and with an air density of 0.001293 g/cnT, a distance of
2.43 cm. An dpha particle has a very smal range in solid materias: a sheet
of paper is sufficient to stop it and the outer layer of human skin provides
protection for senditive tissue.

5.3 Gamma Ray Interactions with Matter

We now turn to a group of three related processes involving gamma ray
photons produced by nuclear reactions. These have energies as high as a
few MeV. The interactions include smple scattering of the photon,
ionization by it, and a specia nuclear reaction known as pair production.

(a) Photon-Electron Scattering

One of the easiest processes to visualize is the interaction of a photon of
energy E = hn and an electron of rest mass my. Although the electronsin a
target atom can be regarded as moving and bound to their nucleus, the
energies involved are very smal (eV) in comparison with those of typical
gamma rays (keV or MeV). Thus the electrons may be viewed as free
sationary particles. The collison may be treated by the physical principles
of energy and momentum conservation. As sketched in Fig. 5.3, the photon
is deflected in its direction and loses energy, becoming a photon of new
energy E' = hn'. The electron gains energy and moves away with high speed
u and total mass-energy mc?, leaving the atom ionized. In this Compton
effect, named after its discoverer, one finds that the greatest photon energy
loss occurs when it is scattered backward (180°) from the origina direction.
Then, if E is much larger than the rest energy of the eectron E, = mc? =
0.51 MeV, it isfound that the find photon energy E' isequd to Ex/2. On the
other hand, if E is much smaller than E,, the fractional energy loss d the
photon is ZE/E, (see adso Exercise 5.3). The derivation of the photon energy
loss in generd is complicated by the fact that the specia theory of relativity
must be applied. The resulting formulas are displayed in computer program
COMPTON, which is used in several Computer Exercises to find photon
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energy losses.

The probability of Compton scattering is expressed by a cross section,
which is smdler for larger gamma energies as shown in Fig. 54 for the
element lead, a common materia for shielding aainst Xrays or gamma
rays. We can deduce that the chance of collision increases with each
successive loss of energy by the photon, and eventualy the photon

disappears.

(b) Photoelectric Effect

This process is in competition with scattering. An incident photon of
high enough energy disodges an eectron from the atom, leaving a
positively charged ion. In so doing, the photon is absorbed and thus lost
(see Fig. 5.5). The cross section for the photoelectric effect decreases with
increasing photon energy, as sketched in Fig. 5.4 for the element lead.

The above two processes are usually treated separately even though both
result in ionization. In the Compton effect, a photon of lower energy
survives, but in the photodectric effect, the photon is eliminated. In each
case, the electron released may have enough energy to excite or ionize other
atoms by the mechanism described earlier. Also, the gection of the electron
is followed by light emission or X-ray production, depending on whether an
outer shell or inner shell isinvolved.

(c) Electron-Positron Pair Production

The third process to be considered is one in which the photon is
converted into matter. This is entirely in accord with Einstein’s theory of
the equivalence of mass and energy. In the presence of a nucleus, as
sketched in Fig. 5.6, a gamma ray photon disappears and two particles
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Fic. 5.4 (Gamma ray cross sections in lead, Ph. Plotted from data in Mational Bureau of
Standards report NSRDS-N5B-29.

appear- an electron and a positron. Since these are of equa charge but of
opposite sign, there is no net charge after the reaction, just as before, the
gamma ray having zero charge. The law of conservation of charge is thus
met. The total new mass produced is twice the mass-energy of the electron,
2(0.51) = 1.02 MeV, which means that the reaction can occur only if the
gamma ray has at least this amount of energy. The cross section for the
process of pair production rises from zero as shown in Fig. 5.4 for lead. The
reverse process aso takes place. As sketched in Fig. 5.7, when an electron
and a positron combine, they are annihilated as materia particles, and two
gamma rays d energy totaling at least 1.02 MeV are released. That there
must be two photons is a consequence of the principle of momentum
conservation.

Figure 5.4 shows that the total gamma ray cross section curve for lead

y (S]
TaYAVAVAVAV |
e = o

N Y
i Alom
BEFORE % @ i

‘o’
/f@“
%

AFTER "E);]m Electron

F
.-

Fi. 5.5 Photoelectric effect.



Neutron Reactions 63

AN @)

Phaion MNucleus

Nucleus
AFTER /<E)

Positromn

BEFORE

Fui. 5.6 Pair production.

(Pb), as the sum of the components for Compton effect, photoel ectric effect,
and pair production, exhibits a minimum around 3 MeV energy. This
implies that gamma rays in this vicinity are more penetrating than those of
higher or lower energy. In contrast with the case of b particles and a
particles, which have a definite range, a certain fraction of incident gamma
rays can pass through any thickness of material. The exponentia expression
e as used to describe neutron behavior can be carried over to the
attenuation of gamma rays in matter. One can use the mean free path | =
1S or, better, the haf-thickness 0.693/S, the distance in which the intensity
of agammaray beam is reduced by afactor of two.

Cross section data for the interaction of photons with many elements are

found in the NIST web site (see References).

54 Neutron Reactions

For completeness, we review again the interaction of neutrons with
matter. Neutrons may be scattered by nuclei elastically or inelastically, may
be captured with resulting gamma ray emission, or may cause fission. If
their energy is high enough, neutrons may induce (n, p) and (n, a) reactions
aswell.

We are now in a position to understand the connection between neutron
reactions and atomic processes. When a high-speed neutron strikes the
hydrogen atom in a water molecule, a proton is gected, resulting in
chemical dissociation of the H,O. A similar effect takes place in molecules
of cdlsin any biologica tissue. The proton in comparison with the electron
is a heavy charged particle. It passes through matter, sowing and creating
ionization along its path. Thus two types of neutron radiation damage take
place—primary and secondary.

After many collisions, the neutron arrives a a low enough energy that it
can be readily absorbed. If it is captured by the proton in a molecule of
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water or some other hydrocarbon, a gamma ray is released, as discussed in
Chapter 4. The resulting deuteron recoils with energy that is much smaller
than that of the gammaray, but ill is far greater than the energy of binding
of atoms in the water molecule. Again dissociation of the compound takes
place, which can be regarded as a form of radiation damage.

55 Summary

Radiation of especia interest includes eectrons, heavy charged
particles, photons, and neutrons. Each of the particles tends to lose energy
by interaction with the electrons and nuclel of matter, and each creates
ionization in different degrees. The ranges of beta particles and apha
particles are short, but gamma rays penetrate in accord with an exponential
law. Gamma rays can also produce e ectron-positron pairs. Neutrons of both
high and low energy can cregte radiation damage in molecular materials.

5.6 Exercises

5.1. The charged particles in a highly ionized electrical discharge in hydrogen gas- protons
and electrons, mass ratio my/m, = 1836- have the same energies. What is the ratio of the
speeds uy/u.? Of the momenta p,/pe?

5.2. A gammaray from neutron capture has an energy of 6 MeV. What isits frequency? Its
wavelength?

5.3. For 180° scattering of gamma or X-rays by electrons, the final energy of the photon is

E¢=

1 2
_+_
E E,

(a) What isthe final photon energy for the 6 MeV gammaray of Exercise 5.2?
(b) Verify that if E>> By, then E' @Ey/2 and if E << E,, (E - E')/E @2 E/E,.
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(c) Which approximation should be used for a6 MeV gammaray? Verify numerically.

5.4. An electron-positron pair is produced by a gammaray of 2.26 MeV. What is the kinetic
energy imparted to each of the charged particles?

5.5. Estimate the thickness of paper required to stop 2 MeV apha particles, assuming the
paper to be of density 1.29 glem®, about the same electronic composition as air, density 1.29
108 glom?®.

5.6. The dement lead, M = 206, has a density of 11.3 g/cm®. Find the number of atoms per
cubic centimeter. If the total gamma ray cross section at 3 MeV is 14 barns, what is the
macroscopic cross section S and the half-thickness 0.693/S?

5.7. The range of beta particles of energy greater than 0.8 MeV is given roughly by the
relation

o) = 055 E(Mev)- 016
r (g/cm3)

Find what thickness of aluminum sheet (density 2.7 g/lcm®) is enough to stop the betas from
phosphorus-32 (see Table 3.1).

5.8. A radiation worker’s hands are exposed for 5 seconds to a3~ 108cm 2s? beam of 1

MeV beta particles. Find the range in tissue of density 1.0 g/cm®and calculate the amounts of
charge in coulombs (C) and energy deposition in C/cm?® and Jg. Note that the charge on the

electronis 1.60~ 10°*° C. For tissue, use the equation in Ex. 5.7.

5.9 Calculate the energy gain by an electron struck head-on by an apha particle of energy 4
MeV. How many such collisions would it take to reduce the alpha particle energy to 1 MeV?

Computer Exercises

5.A. The scattering at any angle of a photon colliding with a free electron is analyzed by the
BASIC program COMPTON, after Arthur Holly Compton’ s theory. (a) Run the program and
use the menus. (b) Find the maximum and minimum photon energies of 50 keV X-rays
passing through athin aluminum foil and making no more than one collision.

5.B. Using program COMPTON, compare the percent energy change of 10 keV and 10 MeV
photons scattered at 90°. What conclusion do these results suggest?

5.C. (8) Find the fractional energy loss for a 20 keV X-ray scattered from an electron at
angle 180°, and compare with ZE/E,. (b) Find the final energy for a 10 MeV gamma ray
scattered from an electron at 180°, and compare with Ey/2.

5.7 References for Chapter 5
Emilio Segre, Nuclel and Particles, W. A. Benjamin, New Y ork, 1965. A classic book on

nuclear theory and experiment for undergraduate physics students, written by a Nobel Prize
winner.

Robert M. Mayo, Introduction to Nuclear Concepts for Engineers, American Nuclear
Society, LaGrange Park, 1L, 1998. Chapter 6 is devoted to the interaction of radiation with
matter.

Hans A. Bethe, Robert F. Bacher, and M. Stanley Livingston, Basic Bethe, Seminal Articles
on Nuclear Physics, 1936-1937, American Institute of Physics, 1986. Reprints of classic
literature on nuclear processes. Discussion of stopping power p. 347 ff.

National Institute of Science and Technology (NIST)
http://www.nist.gov
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For stopping powers and ranges of electrons, protons and al pha particles, use Search with

keyword “stopping power.”
For photon cross sections for many elements, use Search with keyword “XCOM.” Especially
look for data by Berger and Hubbell.

Richard E. Faw and J. Kenneth Shultis, Radiological Assessment: Sources and Doses,
American Nuclear Society, La Grange Park, IL, 1999. Includes fundamentals of radiation
interactions.

J. Kenneth Shultis, Richard E. Faw, and Kenneth Shultis, Radiation Shielding, Prentice-Hall,
Englewood Cliffs, NJ, 1996. Basics and modern analysis techniques.
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Fission

OuT OF many nuclear reactions known, that resulting in fisson has a
present the greatest practical significance. In this chapter we shall describe
the mechanism of the process, identify the byproducts, introduce the
concept of the chain reaction, and look at the energy yidd from the
consumption of nuclear fuels.

6.1 The Fission Process

The absorption of a neutron by most isotopes involves radiative capture,
with the excitation energy appearing as a gamma ray. In certain heavy
elements, notably uranium and plutonium, an aternate consequence is
observed-the splitting of the nucleus into two massive fragments, a process
caled fisson. Computer Exercise 6.A provides a graphic display of the
process. Figure 6.1 shows the sequence of events, using the reaction with
U-235 to illustrate. In Stage A, the neutron approaches the U-235 nucleus.
In Stage B, the U-236 nucleus has been formed, in an excited state. The
excess energy in some cases may be released as a gamma ray, but more
frequently, the energy causes distortions of the nucleus into a dumbbell
shape, as in Stage C. The parts of the nucleus oscillate in a manner
anaogous to the motion of a drop of liquid. Because of the dominance of
electrostatic repulsion over nuclear attraction, the two parts can separate, as
in Stage D. They are then called fisson fragments, bearing most of the
energy released. They fly apart a high speeds, carrying some 166 MeV of
kinetic energy out of the total of around 200 MeV released in the whole
process. As the fragments separate, they lose atomic electrons, and the
resulting high-speed ions lose energy by interaction with the atoms and
molecules of the surrounding medium. The resultant thermal energy is
recoverable if the fission takes place in a nuclear reactor. Also shown in the
diagram are the prompt gamma rays and fast neutrons that are released at
the time of splitting.

6.2 Energy Considerations

The absorption of a neutron by a nucleus such as U-235 gives rise to
extrainternal energy of the product, because the sum of masses of the two

67
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interacting particles is greater than that of a normal U236 nucleus. We
write the first step in the reaction

235 1 236
U+ on® ( 92U)*-

where the asterisk signifies the excited state. The mass in atomic mass units
of (U-236)* is the sum 235.043923 + 1.008665 = 236.052588. However, U-
236 in its ground State has a mass of only 236.045562, lower by 0.007026
amu or 6.54 MeV. This amount of excess energy is sufficient to cause
fission. Figure 6.2 shows these energy relationships.

i

k)
OO~ »

Fic. 6.1 The fission process.

The above cdculation did not include any kinetic energy brought to the
reaction by the neutron, on the grounds that fission can be induced by
absorption in U-235 of very sow neutrons. Only one natural isotope, 25U ,
undergoes fission in this way, while 283Pu and 283U are the main artificial
isotopes that do so. Most other heavy isotopes require significantly larger
excitation energy to bring the compound nucleus to the required energy
level for fisson to occur, and the extra energy must be provided by the
motion of the incoming neutron. For example, neutrons of at least 0.9 MeV
are required to cause fission from U-238, and other isotopes require even
higher energy. The precise terminology is as follows: fissle materids are
those giving rise to fisson with dow neutrons, many isotopes are
fissonable, if enough energy is supplied. It is advantageous to use fast
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neutrons- of the order of 1 MeV energy-to cause fisson. As will be
discussed in Chapter 13, the fast reactor permits the “breeding” of nuclear
fuel. In afew elements such as californium, spontaneous fission takes place.
The isotope 22Cf, produced atificially by a sequence of neutron
absorption, has a hdf-life of 2.62 y, decaying by apha emission (96.9%)
and spontaneous fission (3.1%0).

U=235 + neutron UvE}ﬁ-
} 0.007026
1. DMOBG6GS U-236
U-235

Zero mass level

Fig. 6.2 Excitation energy dug 10 neulron absorption

It may be surprising that the introduction of anly 6.5 MeV of excitation
energy can produce a reaction yielding as much as 200 MeV. The
explanation is that the excitation triggers the separation of the two
fragments and the powerful electrostatic force provides them alarge amount
of kinetic energy. By conservation of mass-energy, the mass of the nuclear
products is smaller than the mass of the compound nucleus from which they
emerge.

6.3 Byproducts of Fission

Accompanying the fisson process is the release of severa neutrons,
which are al-important for the practicad application to a sdf-sustaning
chain reaction. The numbers that appear n (nu) range from 1 to 7, with an
average in the range 2 to 3 depending on the isotope and the bombarding
neutron energy. For example, in U235 with dow neutrons the average
number n is 2.42. Most of these are released instantly, the so-called prompt
neutrons, while a small percentage, 0.65% for U-235, appear later as the
result of radioactive decay of certain fisson fragments. These delayed
neutrons provide considerable inherent safety and controllability in the
operation of nuclear reactors, as we shall see later.

The nuclear reaction equation for fisson resulting from neutron
absorption in U235 may be written in genera form, letting the chemical
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symbols for the two fragments be labeled F, and F, to indicate many
possible ways of splitting. Thus

A A
BU+n® 'F + °F, +n jn+energy .

The appropriate mass numbers and atomic numbers are attached. One
example, in which the fission fragments are isotopes of krypton and barium,
is

235 1 €N 144 1
U+ gn® LKr+ Ba+25n+E .

Mass numbers ranging from 75 to 160 are observed, with the most probable
a around 92 and 144 as sketched in Fig. 6.3. The ordinate on this graph is
the percentage yield of each mass number, e.g., about 6% for mass numbers
90 and 144. If the number of fissons is given, the number of atoms of those
types are 0.06 as large. Computer Exercise 6.B describes the program
YIELD, which calculates the fission yield for several mass numbers.

As a collection of isotopes, these byproducts are caled fission products.
The isotopes have an excess of neutrons or a deficiency of protons in
comparison with naturally occurring eements. For example, the main
isotope of barium is ¥, Ba, and a prominent element of mass 144 is ¥ Nd .
Thus there are seven extra neutrons or four too few protons in the barium
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Fig. 0.3 Yield of fission products according to mass number
(Courtesy of T. R. England of Los Alamos Mational Laboratory).



Byproducts of Fission 71

isotope from fisson, and it is highly unstable. Radioactive decay, usudly
involving several emissions of beta particles and delayed gamma rays in a
chain of events, brings the particles down to stable forms. An exampleis
Vsr @ Vv @ Bzr.

0 )
Kr ® Prb ® Y
B 335 3 B 291y I 2674d

23S 2.6min
The hazard associated with the radioactive emanations from fission
products is evident when we consider the large yields and the short half-
lives.

TABLEG.1
Energy from Fission, U-235.

MeV
Fission fragment kinetic energy 166
Neutrons 5
Prompt gamma rays 7
Fission product gammarays 7
Beta particles 5
Neutrinos 10
Total 200

The total energy from fission, after al of the particles from decay have
been released, is about 200 MeV. This is distributed among the various
processes as shown in Table 6.1. The prompt gamma rays are emitted as a
part of fisson; the rest are fisson product decay gammas. Neutrinos
accompany the beta particle emission, but since they are such highly
penetrating particles their energy cannot be counted as part of the useful
therma energy yield of the fisson process. Thus only about 190 MeV of
the fission energy is effectively available. However, severa MeV of energy
from gamma rays released from nuclei that capture neutrons can aso be
extracted as useful heat.

The average total neutron energy is noted to be 5 MeV. If there are about
2.5 neutrons per fission, the average neutron energy is 2 MeV. When one
observes many fission events, the neutrons are found to range in energy
from nearly O to over 10 MeV, with a most likely value of 0.7 MeV.
Computer Exercise 6.C discusses calculation of the fisson neutron energy
distribution according to a semi-empiricd formula. We note that the
neutrons produced by fission are fast, while the cross section for the fission
reaction is high for low neutrons. This fact serves as the basis for the use of
a reactor moderator containing a light element that permits neutrons to dow
down, by a succession of collisons, to an energy favorable for fisson.

Although fission is the dominant process, a certain fraction of the
absorptions of neutrons in uranium merely result in radiative capture,
according to

235 1 236
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The U-236 is relatively stable, having a haf-life of 2.34 ~ 10" y. About
14% of the absorptions are of this type, with fisson occurring in the
remaining 86%. This means that h (eta), the number of neutrons produced
per absorption in U-235 islower than n, the number per fission. Thususing
n =242, h is (0.86) (2.42) = 2.07. The effectiveness of any nuclear fuel is
sengitively dependent on the value of h. We find that h is larger for fisson
induced by fast neutrons than that by slow neutrons.

The possibility of a chain reaction was recognized as soon as it was
known that neutrons were released in the fission process. If a neutron is
absorbed by the nucleus of one atom of uranium and one neutron is
produced, the latter can be absorbed in a second uranium atom, and so on.
In order to sustain a chain reaction as in a nuclear reactor or in a nuclear
wegpon, the vaue of h must be somewhat above 1 because of processes
that compete with absorption in uranium, such as capture in other materials
and escape from the system. The size of h has two important consequences.
First, there is a possbility of a growth of neutron population with time.
After dl extraneous absorption and losses have been accounted for, if one
absorption in uranium ultimately gives rise to say 1.1 neutrons, these can be
absorbed to give (1.1) (1.1) = 1.21, which produce 1.331, etc. The number
available increases rapidly with time. Second, there is a possibility of using
the extra neutron, over and above the one required to maintain the chain
reaction, to produce new fissle materids. “Converson” involves the
production of some new nuclear fud to replace that used up, while
“breeding” is achieved if more fuel is produced than is used.

Out of the hundreds of isotopes found in nature, only one is fisdle,
25U . Unfortunately, it is the less abundant of the isotopes of uranium, with
weight percentage in natural uranium of only 0.711, in comparison, with
99.3% of the heavier isotope 23U . The two other most important fissile
materias, plutonium-239 and uranium-233, are “artificia” in the sense that
they are man-made by se of neutron irradiation of two fertile materials,
respectively, uranium-238 and thorium-232. The reactions by which 23 Pu
is produced are

238 1 239
92U + On® 92U '

239 239 0
2U ® ZBNp+ 2e,
23.5min

29Np ® 22 Pu+ %e
92 p2_355 4 % Ry

whilethoseyidlding %3 U are
2Th+ in® 28Th,

Z2Th ® 2ZBPa+ Je,
22.3 min
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2Pa ® 23U+ le.
91 27.0d 92 -1

The half-lives for decay of the intermediate isotopes are short compared
with times involved in the production of these fissle materids, and for
many purposes, these decay steps can be ignored. It isimportant to note that
athough uranium-238 is not fissile, it can be put to good use as a fertile
materid for the production of plutonium-239, so long as there are enough
free neutrons available.

6.4  Energy from Nuclear Fuels

The practical significance of the fisson process is reveded by
caculation of the amount of uranium that is consumed to obtain a given
amount of energy. Each fisson yields 190 MeV of useful energy, which is
aso (190 MeV) (1.60 ~ 10™¥MeV) = 3.04 ~ 10! J. Thus the number of
fissions required to obtain 1 W-sec of energy is 1/(3.04 ~ 10') =3.3 " 10",
The number of U-235 atoms consumed in a thermal reactor is larger by the
factor 1/0.86 = 1.16 because of the formation of U236 in part of the
reactions.

In one day’s operation of a reactor per megawatt of thermal power, the
number of U-235 nuclel burned is

(106W)(3.3" 10™° fissions/ W- ¢|(86,4005 / d)
0.86 fissions/ absorption
=3.32" 10°' absorptions/d .

Then since 235 g corresponds to Avogadro’s number of atoms 6.02 ~ 107,
the U-235 weight consumed at 1 MW power is

(3:32" 102d- 1)(235¢)

6.02" 102
In other words, 1.3 g of fud is used per megawatt-day of useful thermal
energy released. In atypical reactor, which produces 3000 MW of thermal
power, the U-235 fuel consumption is about 4 kg/day. To produce the same

energy by the use of fossl fuels such as cod, ail, or gas, millions of times
as much weight would be required.

@.3g/d.

6.5 Summary

Neutron absorption by the nuclel of heavy elements gives rise to fisson,
in which heavy fragments, fast neutrons, and other radiations are released.
Fissile materials are natural U-235 and the man-made isotopes Pu-239 and
U-233. Many different radioactive isotopes are released in the fisson
process, and more neutrons are produced than are used, which makes
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possible a chain reaction and under certain conditions “converson” and
“breeding” of new fuds. Useful energy amounts to 190 MeV per fission,
requiring only 1.3 g of U-235 to be consumed to obtain 1 MWd of energy.

6.6 Exercises

6.1. Caculate the mass of the excited nucleus of plutonium-240 as the sum of the neutron
mass 1.008665 and the Pu-239 mass 239.052157. How much larger is that sum than the mass
of stable Pu- 240, 240.053807? What energy in MeV isthat?

6.2. If three neutrons and a xenon-133 atom (1533 Xe) are produced when a U-235 atom is
bombarded by a neutron, what is the second fission product isotope?

6.3. The total kinetic energy of the fission fragments is 166 MeV. (a) What are the energies
of each if the mass ratio is 3/2? (b) What are the two mass numbers if three neutrons were
released in fission? (c) What are the velocities of the fragments?

6.4. Calculate the energy yield from the reaction
BU+ h® PRo+ WCs+4ln+E
using atomic masses 139.917277 for cesium and 91.919725 for rubidium.

6.5. The value of h for U-233 for thermal neutrons is approximately 2.30. Using the cross
sections for capture s. = 47 barns and fission s; = 530 barns, deduce the value of n, the
number of neutrons per fission.

6.6. A mass of 8000 kg of dightly enriched uranium (2% U-235, 98% U-238) is exposed for
30 days in a reactor operating at heat power 2000 MW. Neglecting consumption of U-238,
what isthe final fuel composition?

6.7. The per capita consumption of electrical energy in the United States is about 50 kWh/d.
If this were provided by fission with 2/3 of the heat wasted, how much U-235 would each
person use per day?

6.8. Calculate the number of kilograms of coal, ail, and natura gas that must be burned each
day to operate a 3000-MW thermal power plant, which consumes 4 kg/d of uranium-235.
The heats of combustion of the three fuels (in kJ/g) are, respectively, 32, 44, and 50.

Computer Exercises

6.A. The fission process can be visualized by the computer program FISSION. It shows a
neutron approaching a fissionable nucleus and the fragments emerging. Run the program
several times, noting the variety of speeds and directions of the particles.

6.B. Program YIELD calculates the fission yield for severa prominent longlived
radionuclides and their precursors by a summing process. Run the program selecting several
mass numbers near the peaks near 92 and 144.

6.C. Program SPECTRUM gives a simple formula for the way fission neutrons are
distributed in energy, shows a graph of the distribution, and calculates properties of the
curve. Run the program using the menus.

6.7 References for Chapter 6
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Fusion

WHEN TwO light nuclear particles combine or “fuse’ together, energy is
released because the product nuclei have less mass than the original
particles. Such fusion reactions can be caused by bombarding targets with
charged particles, usng an accderator, or by raising the temperature of a
gas to a high enough level for nuclear reactions to take place. In this chapter
we shall describe the interactions in the microscopic sense and discuss the
phenomena that affect our ability to achieve a practica large-scale source of
energy from fusion. Thanks are due Dr. John G. Gilligan for his comments.

7.1 Fusion Reactions

The possibility of release of large amounts of nuclear energy can be seen
by comparing the masses of nuclel of low atomic number. Suppose that one
could combine two hydrogen nuclei and two neutrons to form the helium
nucleus. In the reaction

21H +2n® %He,

the mass-energy difference (using atom masses) is
2(1.007825) + 2(1.008665) - 4.002603 = 0.030377 amu,

which corresponds to 28.3 MeV energy. A comparable amount of energy
would be obtained by combining four hydrogen nuclei to form helium plus
two positrons

41H® 3He+2Je.

This reaction in effect takes place in the sun and in other stars through the
so-caled carbon cycle, a complicated chain of events involving hydrogen
and isotopes of the elements carbon, oxygen, and nitrogen. The cycle is
extremely dow, however, and is not suitable for terrestria application.

In the “hydrogen bomb,” on the other hand, the high temperatures
created by a fission reaction cause the fusion reaction to proceed in arapid
and uncontrolled manner. Between these extremes is the possbility of
achieving a controlled fusion reection that utilizes inexpensve and
abundant fuels. As yet, a practical fusion device has not been developed,
and considerable research and development will be required to reach that
god. Let us now examine the nuclear reactions that might be employed.

76
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There appears to be no mechanism by which four separate nuclei can be
made to fuse directly, and thus combinations of two particles must be
sought.

The most promising reactions make use of the isotope deuterium, 3H,
abbreviated D. It is present in hydrogen as in water with abundance only
0.015%, i.e., there is one atom of 3 H for every 6700 atoms of H , but since
our planet has enormous amounts of water, the fuel available is aimost
inexhaustible. Four reactions are important:

2H+?2H® 3H+ 1H + 4.03 MeV ,
2H+ 2H® 3He+ In+327MeV,
ZH+3H® 4He+ jn+17.6MeV,
2H + 3He® 4He+ !H +18.3MeV .

The fusion of two deuterons- deuterium nucle- in what is designated the D-
D reaction results in two processes of nearly equa likelihood. The other
reactions yield more energy but involve the artificial isotopes tritium, $H,
abbreviated T, with the ion caled the triton, and the rare isotope 3He,
helium-3. We note that the products of the first and second equations appear
as reactants in the third and fourth equations. This suggests that a composite
process might be feasible. Suppose that each of the reactions could be made
to proceed at the same rate, along with twice the reaction of neutron capture
in hydrogen
IH+ n® %H +22MeV.

Adding dl of the equations, we find that the net effect is to convert
deuterium into helium according to

42H® 24He +47.7MeV .

The energy yield per atomic mass unit of deuterium fued would thus be
about 6 MeV, which is much more favorable that the yield per atomic mass
unit of U-235 burned, which is only 190/235 = 0.81 MeV.

Computer Exercise 7.A permits the exploration of possible nuclear
reactions for fusion.

7.2 Electrostatic and Nuclear Forces

The reactions described above do not take place merely by mixing the
ingredients, because of the very strong force of electrostatic repulsion
between the charged nuclei. Only by giving one or both of the particles a
high speed can they be brought close enough to each other for the strong
nuclear force to dominate the electrical force. This behavior is in sharp
contrast to the ease with which neutrons interact with nuclei.
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There are two consequences of the fact that the coulomb force between
two charges of atomic numbers Z; and Z, varies with separation R
according to Z; Z,/R2. First, we see that fusion is unlikely in elements other
than those low in the periodic table. Second, the force and corresponding
potential energy of repulsion is very large a the 10™ m range of nuclear
forces, and thus the chance of reaction is negligible unless particle energies
are of the order of keV. Figure 7.1 shows the cross section for the D-D
reaction. The strong dependence on energy is noted, with spp rising by a
factor of 1000 in the range 10-75 keV.

Energies in the kilo-electron-volt and million-electron-volt range can be
achieved by a variety of charged particle accelerators. Bombardment of a
solid or gaseous deuterium target by high-speed deuterons gives fusion
reactions, but most of the particle energy goes into electrostatic interactions
that merely heat up the bulk of the target. For a practical system, the
recoverable fusion energy must significantly exceed the energy required to
operate the accelerator. Special equipment and processes are required to
achieve that objective.

7.3 Thermonuclear Reactions in a Plasma

A medium in which high particle energies are obtained is the plasma. It
consists of a highly ionized gas as in an electrica discharge created by the
acceleration of electrons. Equal numbers of electrons and positively charged
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Fi. 7.1 Cross section for D-D reaction
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ions are present, making the medium eectricaly neutral. The plasma is
often called “the fourth state of matter.” Through the injection of enough
energy into the plasma its temperature can be increased, and particles such
as deuterons reach the speed for fusion to be favorable. The term
thermonuclear is applied to reactions induced by high thermad energy, and
the particles obey a speed distribution smilar to that of a gas, as discussed
in Chapter 2.

The temperatures to which the plasma must be raised are extremely
high, as we @an see by expressing an average particle energy in terms of
temperature, using the kinetic relation

3

E =2kT.
2

For example, even if E isaslow as 10 keV, the temperature is
2 (10%eVv)(160 10729 J/eV)

3 1.38" 1008 J/K
T = 77,000,000 K.
Such a temperature greatly exceeds the temperature of the surface of the
sun, and is far beyond any temperature at which ordinary materials melt and
vaporize. The plasma must be created and heated to the necessary
temperature under some constraint provided by a physical force. In stars,
gravity provides that force, but that is not sufficient on Earth. Compression
by reaction to ablation is designated as inertial confinement; restraint by
electric and magnetic fields is called magnetic confinement. These methods
will be discussed in Chapter 14. Such forces on the plasma are required to
assure that thermal energy is not prematurely lost. Moreover, the plasma
must remain intact long enough for many nuclear reactions to occur, which
is difficut because of inherent instabilities of such highly charged media
Recaling from Section 2.2 the relationship pV = nkT, we note that even
though the temperature T is very high, the particle densty n/V is low,
allowing the pressure p to be manageable.

The achievement of a practical energy source is further limited by the
phenomenon of radiation losses. In Chapter 5 we discussed the
bremsstrahlung radiation produced when electrons experience acceleration.
Conditions are ideal for the generation of such electromagnetic radiation
snce the high-speed electrons in the plasma at elevated temperature
experience continuous accelerations and decelerations as they interact with
other charges. The radiation can readily escape from the region, because the
number of target particles is very small. In a typica plasma, the number
dengity of eectrons and deuterons is 10*°, which corresponds to a rarefied
ges. The amount of radiation production (and loss) increases with
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temperature at a slower rate than does the energy released by fusion, as
shown in Fig. 7.2. At what is called the ignition temperature, the lines cross.
Only for temperatures above that value, 400,000,000 K in the case of the D-
D reaction, will there be a net energy yield, assuming that the radiation is
lost. In alater chapter we shall describe some of the devices that have been
used to explore the possibility of achieving a fusion reactor.

100~

% Radiation 443z 10" K
o
2
o
E
. 1.0
1
e
5
H
=
wh
0.1 L
1% 107

Plasma temperature (*K)

Fiz. 7.2 Fusion and radiation energies.

74  Summary

Nuclear energy is released when nuclel of two light elements combine.
The most favorable fusion reactions involve deuterium, which is a natural
component of water and thus is a very abundant fuel. The reaction takes
place only when the nuclei have a high enough speed to overcome the
electrogtatic repulsion of their charges. In a highly ionized electrica
medium, the plasma, at temperatures of the order of 400,000,000 K, the
fusion energy can exceed the energy loss due to radiation.
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75 Exercises

7.1. Caculate the energy release in amu and MeV from the combination of four hydrogen
atoms to form a helium atom and two positrons (each of mass 0.000549 amu).

7.2. Verify the energy yield for the reaction ZH + gHe® 4He + 1H +18.3 MeV , noting
atomic masses (in order) 2.014102, 3.016029, 4.002603, and 1.007825.

7.3. To obtain 3000 MW of power from a fusion reactor, in which the effective reaction is
22H® 4He+23.8MeV , how many grams per day of deuterium would be needed? If all
of the deuterium could be extracted from water, how many kilograms of water would have to
be processed per day?

7.4. The reaction rate relation nuNs can be used to estimate the power density of afusion
plasma. (a) Find the speed up of 100 keV deuterons. (b) Assuming that deuterons serve as
both target and projectile, such that the effective u is up /2, find what particle number
density would be needed to achieve a power density of 1 kW/cm®.

7.5. Estimate the temperature of the electrical discharge in a 120-volt fluorescent lightbulb.
7.6. Calculate the potential energy in €V of a deuteron in the presence of another when their

centers are separated by three nuclear radii (Note: E, = kQ;Q/Rwherek =9 = 10° Q'sare
in coulombs, and Risin meters).

Computer Exercises

7.A. Program REACT1 displays the atomic masses for a number of light nuclides that are
candidates as fusion projectiles and targets. Run the program and use Print Screen to obtain a
paper copy of the table.

7.B. The reaction energy Q is the difference between masses of products and reactants.
Program REACT2 cdculates Q for an input of nuclei that might be involved, and obtains the
approximate distribution of energy between the product nuclei. (a) Test the program using
the classic D-T reaction, withA1=1,Z1=1;A2=2,Z2=1,A3=4,723=2; A4d=1,74=
0. (b) Try the program with afew other reactions.

7.C. Program REACT3 surveys the array of light nuclei for potential fusion reactions. Run
the program to find reactions with highest reaction energy, those that are neutron-free, and
those that would require the lowest temperature, based on the product of Z1 and Z2.

7.6  References for Chapter 7
(also see Chapter 14)

T. A. Heppenheimer, The Man-Made Sun, The Quest for Fusion Power, Little, Brown &
Co., Boston, 1984. A narrative account of the fusion program of the U.S,, including
personalities, politics, and progress to the date of publication. Good descriptions of
equipment and processes.

Robin Herman, Fusion: The Search for Endless Energy, Cambridge University Press, New
York, 1990. A well-written and interesting account.

Robert A. Gross, Fusion Energy, John Wiley & Sons, New Y ork, 1985. A readable textbook.
Main emphasis is on magnetic confinement fusion.

James J. Duderstadt and Gregory A. Moses, Inertial Confinement Fusion, John Wiley &
Sons, New York, 1982. An excellent complement to the book by Gross.
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Nuclear Fusion Basics
http://www.jet.uk/fusionl.html
By JET Joint Undertaking

Educational Web Site Fusion Energy

http://fusioned.gat.com

An explanation of fusion, a glossary, and an elementary but attractive and informative dide
show, “Creating a Star on Earth.” By General Atomic.

Fusion Energy Educational Web Site
http://fusedweb.pppl .gov/cpep/chart.html
Selection of information. From Princeton Plasma Physics Laboratory.

Inertial and Magnetic Confinement

http://lasers.|Inl.gov/lasers/education/ed.html

Select Laser and Fusion Education for a preview of methods of obtaining high temperatures.
By Lawrence Livermore National Laboratory.

Fusion Power Associates

http://fusionpower.org

A foundation that is avaluable source of information on current fusion research and political
status, with links to many other sites. Fusion Program Notes appear frequently as e-mail

Messages.

Plasma Physics, The Science of the Fourth State of Matter
http://fusion.gat.com/PlasmaOutreach/plasmaphysics.html

An exhibit at the American Physical Society Centennial at Atlantain 1999. Eight separate
filesin pdf format.

Perspectives on Plasmas
http://www.plasmas.org
All aspects of plasma science and technology.



Part Il Nuclear Systems

The atomic and nuclear concepts we have described provide the basis for
the operation of a number of devices, machines, or processes, ranging from
very smal radiation detectors to mammoth plants to process uranium or to
generate electrica power. These systems may be designed to produce
nuclear energy, or to make practica use of it, or to apply byproducts of
nuclear reactions for beneficial purposes. In the next several chapters we
shdl explain the construction and operating principles of nuclear systems,
referring back to basic concepts and looking forward to appreciating their
impact on human affairs.
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Particle Accelerators

A DEVICE that provides forces on charged particles by some combination of
electric and magnetic fields and brings the ions to high speed and kinetic
energy is called an accelerator. Many types have been developed for the
study of nuclear reactions and basic nuclear structure, with an ever-
increasing demand for higher particle energy. In this chapter we shal
review the nature of the forces on charges and describe the arrangement and
principle of operation of several important kinds d particle accelerators. In
later chapters we describe some of the many applications.

8.1  Electric and Magnetic Forces

Let us recall how charged particles are influenced by eectric and
magnetic fields. First, visualize a pair of paralel metd plates separated by a
distance d as in the sample capacitor shown in Fig. 8.1. A potentia
difference V and eectric field & = V/d are provided to the region of low
gas pressure by a direct-current voltage supply such as a battery. If an
electron of mass m and charge e is released at the negative plate, it will
experience aforce £e, and its acceleration will be £e/m It will gain speed,

and on reaching the podtive plate it will have reached a kinetic energy
+mu2=Ve. Thus its speed is u = +/2Ve/m. For example, if V is 100 volts,

the speed of an electron (M=9.1" 10* kgand e=1.60 ~ 10™° coulombs) is
foundtobe5.9 ~ 10° mys.

Next, let us introduce a charged particle of mass m charge e, and speed
u into a region with uniform magnetic field B, asin Fig. 8.2. If the charge
enters in the direction of the fied lines, it will not be affected, but if it

+ Parallel plates

T él‘.‘bﬂmﬂ.

Fic. .1 Capacitor as accelerator.
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enters perpendicularly to the field, it will move at constant speed on a
circle. Its radius, caled the radius of gyration, is r = nu/eB, such that the
stronger the field or the lower the speed, the smaller will be the radius of
motion. Let the angular speed be w (omega) equa to u/r. Using the formula
for r, we find w = eB/m If the charge enters at some other angle, it will
move in a path caled a helix, like awire door spring.

Instead, let us release a charge in aregion where the magnetic field B is
changing with time. If the electron were inside the metal of a circular loop
of wire of area A as in Fig. 8.3, it would experience an eectric force
induced by the change in magnetic flux BA. The same effect would take
place without the presence of the wire, of course. Finally, if the magnetic
field varies with position there are additional forces on charged particles.
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Molion perpendicular
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Fici. 8.2 Electric charge motion in uniform magnetic field.

8.2 High-Voltage Machines

One way to accelerate ions to high speed is to provide a large potentia
difference between a source of charges and a target. In effect, the
phenomenon of lightning, in which a discharge from charged clouds to the
earth takes place, is produced in the laboratory. Two devices of this type are
commonly used. The firg is the voltage multiplier or Cockroft-Walton
machine, Fig. 8.4, which has a circuit that charges capacitors in parallel and
discharges them in series. The second is the electrostatic generator or Van
de Graaff accelerator, the principle of which is sketched in Fig. 85. An
insulated metal shell is raised to high potentid by bringing it charge on a
moving bdt, permitting the acceleration of positive charges such as protons
or deuterons. Particle energies of the order of 5 MeV are possible, with a
very smal spread in energy.
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8.3 Linear Accelerator

Rather than giving a charge one large acceleration with a high voltage, it
can be brought to high speed by a succession of accelerations through
relatively smal potential differences, as in the linear accelerator (“linac”),
sketched in Fig. 8.6. It consists of a series of accelerating electrodes in the
form of tubes with aternating electric potentials applied as shown. An
electron or ion gains energy in the gaps between tubes and “drifts’ without
change of energy while insde the tube, where the field is nearly zero. By
the time the charge reaches the next gap, the voltage is again correct for
acceleration. Because the ion is gaining speed aong the path down the row
of tubes, their lengths ¢ must be successively longer in order for the time of
flight in each to be constant. The time to go adistance ¢ is ¢ /u, which is
equal to the haf-period of the voltage cycle T/2. The linac at the Stanford
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Fic. 8.5 Van de Graalf accelerator.
Linear Accelerator Center (SLAC) is two miles long. It produces electron
and positron beams with energies up to 50 GeV (see References).

8.4  Cyclotron and Betatron

Successive electrical acceleration by electrodes and circular motion
within a magnetic field are combined in the cyclotron, invented by Ernest
O. Lawrence. As sketched in Fig. 8.7, ions such as protons, deuterons, or
alpha particles are provided by a source at the center of a vacuum chamber
located between the poles of a large eectromagnet. Two hollow metal
boxes called “dees’ (in the shape of the letter D) are supplied with
aternating voltages in correct frequency and opposite polarity. In the gap
between dees, an ion gains energy as in the linear accelerator, then moves
on a circle while insgde the eectric-fidd-free region, guided by the
magnetic field. Each crossing of the gap with potential difference V gives
impetus to the ion with an energy gain Ve, and the radius of motion
increases according to r = u/w, where w = eB/misthe angular speed. The
unique feature of the cyclotron is that the time required for one complete
revolution, T = 2p/w, is independent of the radius of motion of the ion. Thus
it is posshble to use a synchronized dternaing potential of constant

;h.cl. % | Ton sourc " m‘gv——)"“nbsm 7
{l:%y "': T’ i | Iy L Targel

Fici. 8.6 Simple linear accelerator
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frequency n, angular frequency w = 2pn, to provide acceleration at the right
instant.

For example, in a magnetic fiedd B of 0.5 Wh/nT (tesla) the angular
speed for deuterons of mass 3.3~ 10> kg and charge 1.6 © 10™*° coulombs
is

_ e (167 10"19)(05)
"m 33 107

=247 107 /s

Equating this to the angular frequency for the power supply, w = 2pn, we
find n = (24 ~ 10")/2p =38 ~ 10° s*, which is in the radio-frequency
range.

The path of ions is approximately a spira. When the outermost radius is
reached and the ions have full energy, a beam is extracted from the dees by
specia eectric and magnetic fields, and alowed to strike a target, in which
nuclear reactions take place.

Electrons are brought to high speeds in the induction accelerator or
betatron. A changing magnetic flux provides an dectric field and aforce on
the charges, while they are guided in a path of constant radius. Figure 8.8
shows the vacuum chamber in the form of a doughnut placed between
specialy shaped magnetic poles. The force on electrons of charge e isin the
direction tangential to the orbit of radius r. The rate at which the average
magnetic fidd within the loop changes is DB/Dt, provided by varying the
current in the coils of the electromagnet. The magnitude of the force ist
=B

2 Dt

The charge continues to gain energy while remaining at the same radius
if the magnetic field at that location is half the average field within the loop.
The acceleration to energies in the million-electron-volt range takes place in
the fraction of a second that it takes for the aternating magnetic current to
go through a quarter-cycle.

The speeds reached in a betatron are high enough to require the use of
relativistic formulas (Chapter 1). Let us find the mass mand speed u for an
eectron of kinetic energy E, = 1 MeV. Rearranging the equation for kinetic
energy, the ratio of mto the rest mass m is

E
£:1+ k

My Mo C?

t To show this, note that the area within the circular path is A= p r? and the magnetic
flux is F = BA. According to Faraday's law of induction, if the flux changes by DF in atime
D¢, a potential difference around a circuit of V = DF /Dt is produced. The corresponding
dectricfieldisE =V/2p r, and theforceiseE . Combining, the relation quoted is obtained.
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Recalling that the rest energy E, = myc® for an electron is 0.51 MeV, we
find the ratio mmy=1 + 1/0.51 = 2.96. Solving Eingtein’s equation for the

speed, m/my =1/4/1- (urc)?, we find that u:c\/l- (my /m)2 = 0.94c.

Thus the 1 MeV electron’s speed is close to that of light, c=3.0 " 10° m/s,
ie,u=28" 10° m/s. If instead we impart a kinetic energy of 100 MeV to
an electron, its mass increases by a factor 297 and its speed becomes
0.999995c.

Calculations of this type are readily made by use of the computer
program ALBERT, introduced in Section 1.7. Some other applications to
ion motion in modern accelerators are found in Computer Exercises 8.A and
8.B.
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Fic. 8.7 Cyclotron.

8.5  Synchrotron and Collider

Over the past half-century, the science and engineering of accelerators
has evolved dramatically, with ever-increasing beam currents and energy of
the charged particles. A magjor step was the invention independently of the
synchrotron by E. M. McMillan and V. |. Vekder. It consists of the periodic
acceleration of the particles by radio-frequency electric fields, but with a
time-varying magnetic field that keeps the charges on a circular path. lons
that are out of step are brought back into step; i.e., they are synchronized.
Figure 8.9 shows schematically the Cosmotron, operated in the 1950s at
Brookhaven Nationa Laboratory. An ion source provides protons that are
injected at 4 MeV into a vacuum chamber by a Van de Graaff accelerator.
The inflector sends the charges into the magnet. There, the magnetic field
rises to 1.4 teda in one second to provide the constant radius condition r =
mu/eB as the protons gain energy. The field is shaped to assure proper
focusing. The radiofrequency unit accelerates the particles with initiad
voltage 2000 V at frequency 2000 hertz. lons at final energy 3 GeV dtrike
an internal target to yield neutrons or mesons.

In a more modern version of synchrotron, the magnetic field that bends
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the particles in a circular orbit is provided by a series of separate magnets,
like beads on a necklace. In between the magnets are quadrupole (2N and
2S) magnets that provides beam focusing, helping compensate for space
charge spreading.

Most of the early accelerators involved charge bombardment of a fixed
target. Recently, much larger energies are achieved by causing two
oppositely circulating beams to collide in what is called a storage ring. The
pairs of particles used in a “collider” are (a) eectrons and positrons or (b)
protons and antiprotons or (c) protons and protons. The accelerating cavity
of the electron-positron collider at the Thomas Jefferson Accelerator
Laboratory is constructed of superconducting niobium to minimize energy
losses. It provides a total energy of 4 GeV. The Large Electron Positron
(LEP) collider at the European Laboratory for Particle Physics (CERN)
gives particles of 110 GeV.

To reach high particle energies, a combination of accelerators of
different types is used, as in the Tevatron at the Fermi National Accelerator
Laboratory (Fermilab) near Chicago. The Tevatron involves a circular
underground tunnel of diameter 3 m and length 6.3 km, containing the beam
tube and a series of hundreds of magnets that provide ion bending. Negative
hydrogen ions are first accelerated to 0.75 MeV by a Cockroft-Walton
machine (Section 8.2) then raised to 200 MeV by a linear accelerator
(Section 8.3). Electrons are stripped from the ions by a carbon fail, leaving
protons. These are brought to 8 GeV by a small booster synchrotron. The
ions are then injected into the Main Ring synchrotron and brought to 150
GeV. They are focused into short pulses and extracted to strike a copper
target, creating large numbers of antiprotons. These are drawn off into a
storage ring where they circulate and the beam is compressed, then
transferred to an accumulator ring, and then put in the Tevatron ring. In the
meanwhile a batch of protons from the Main Ring have also been put in the
Tevatron ring. Along the path of that ring are 1000 superconducting
megnets, usng liquid nitrogen and hdium for cooling. Findly, the two
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countercurrent beams, of diameter about 0.1 mm, are accelerated to their
peak energy of nearly 1 TeV. Detection of the byproducts of collisonsis by
the Collider Detector Fermilab (CDF), a complex particle tracking device.
Extensve additiona information with photographs is found in the Fermilab
web page (see References).
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FiG, 8.9 Cosmotron, Synchrotron at Brookhaven National Laboratory,

Among the purposes of accelerators is the search for new particles in
nature, which can be created only by transforming the energy of accelerated
charges, in accord with Eingtein’s theory. Colliding high-energy beams of
particles and antiparticles can create far more massive nuclear species than
can smple ion bombardment of stationary targets. The reason is that a high-
energy charge expends most of its energy in accelerating new particles to
meet momentum conservation requirements. In contrast, when a particle
collides with an antiparticle, the momentum is zero, dlowing dl of the
energy to go into new mass.

One magjor accomplishment of high energy machines was the discovery
of the “top” quark (see References). Its existence is crucia to the
correctness of the theory called the Standard Mbdel. According to that
picture, matter is composed of leptons (electrons, neutrinos, etc.) and quarks
(types “up,” “down,” “charm,” “strange,” “top,” and “bottom”), along with
their antiparticle forms. The up quark has a charge 2/3, the down quark -1/3.
The proton is made of two ups and one down, while the neutron is two
downs and one up. In the collison of protons and antiprotons, it is actualy
the component quarks that collide. Forces in nature are thought to be
provided by the exchange of bosons, an example of which is the photon, for
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electromagnetic force. There are three other forces—wesk (involved in
radioactivity), strong (for binding in nucle), and gravity. The
electromagnetic and weak forces are viewed as different aspects of a more
genera “electroweak” force. It is believed that the top quark existed in
nature only in the first 10" second from the big bang that started the
universe. Studies of collisions of high energy particles are intended to
obtain information on the origin of mass, dong with an answer why thereis
so much invisible mass in the universe. Also sought is a hypothetica heavy
particle caled the Higgs boson, which is thought to relate the vacuum of
space to the existence of particles.
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Fic. 8.10 Nuclear reactions produced by very high energy charged particles.

In the early 1990s the U.S. had started to build in Texas a large
superconducting supercollider (SSC) to give a beam of 20 TeV, but the
project was canceled by Congress because of excessive cost. With the
demise of the SSC, a considerable part of high energy particle research by
U.S. physicists was shifted to CERN, the European Laboratory for Particle
Physics (see References). The U.S. Department of Energy allocated funds



94 Particle Accelerators

to help congtruct the Large Hadron Collider (LHC) and the Atlas detector
(see References) which will anayze the products of proton-proton
collisons. The facilities are to be completed by 2005. The LHC will make
use of the existing 27 km tunnel of LEP. By use of superconducting
magnets and advanced accelerator technology it will be able to collide
particles each of 7 TeV. Alternatively, it will handle beams of heavy ions
such as lead with total energy 1250 TeV.

Two extensions of particle accelerators have opened up new
opportunities for research and industrial applications. The first is
synchrotron radiation (SR), based on the fact that if an eectric charge is
given an acceleration, it radiates light. At each of the bending magnets of a
synchrotron or storage ring, experimental beams of X-rays are available.
The beams are very narrow, with an angle given by Eo/E;, the ratio of rest
energy and kinetic energy. An example of an SR facility is the Nationa
Synchrotron Light Source a Brookhaven National Laboratory (see
References). The second is free electron laser (FEL), in which electrons are
brought to high speed in a linac and injected into a tube with magnets along
its length. These provide an dternating field that accelerates the electrons to
radiate photons. The light is reflected back and forth by mirrors at the ends
of the tube and interacts with the circulating electrons rather than with
atoms as in a conventional laser. FELs can produce frequencies ranging
from infrared to gamma rays. A web page lists FEL s around the world (see
References).

8.6  Spallation

High-energy charged particles from an accelerator can disrupt nuclei of
target materials. Experiments a California radiation laboratories showed
that large neutron yields were achieved in targets bombarded by charged
particles such as deuterons or protons of several hundred MeV energy. New
dramatic nuclear reactions are involved. One is the stripping reaction, Fig.
8.10(a), in which a deuteron is broken into a proton and a neutron by the
impact on a target nucleus. Another is the process of spalation in which a
nucleus is broken into pieces by an energetic projectile. Figure 8.10(b)
shows how a cascade of nucleons is produced by spalation. A third is
“evaporation” in which neutrons fly out of a nucleus with some 100 MeV of
internal excitation energy, see Fig. 8.10(c). The average energy of
evaporation of neutrons is about 3 MeV. The excited nucleus may undergo
fisson, which releases neutrons, and further evaporation from the fission
fragments can occur.

It has been predicted that as many as 50 neutrons can be produced by a
single high-energy (500 MeV) deuteron. The large supply of neutrons can
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be used for a number of purposes. (a) physics and chemistry research; (b)
production of new nuclear fud, beneficia radioisotopes, or weapons
tritium; (c) burn unwanted plutonium or certain radioactive waste isotopes.
Some of these applications will be discussed in later sections.

Plans have been developed for a Spallation Neutron Source (SNS) to be
put into operation around the year 2005. Design and construction of the
Department of Energy facility is a cooperative effort of five national
laboratories (Argonne, Brookhaven, Lawrence Berkeley, Los Alamos, and
Oak Ridge). A large linear accelerator produces high speed protons to
bombard a liquid mercury target. The particle energy is 1 GeV; the beam
power is 1 MW; pulses are 17 ms apart. Neutrons are moderated by water
and liquid hydrogen and a time-of-flight device selects neutrons of desired
energy. The SNS would serve many hundreds of researchers in neutron
science from the U.S. and abroad. Performance details are found in
References.

8.7 Summary

Charged particles such as electrons and ions of light elements are
brought to high speed and energy by particle accelerators, which employ
electric and magnetic fields in various ways. In the high-voltage machines a
beam of ions is accelerated directly through a large potentia difference,
produced by specia voltage multiplier circuits or by carrying charge to a
positive electrode; in the linear accelerator, ions are given successive
accelerations in gaps between tubes lined up in a row; in the cyclotron, the
ions are smilarly accderated but move in circular orbits because of the
applied magnetic field; in the betatron, a changing magnetic field produces
an electric field that accelerates electrons to relativistic speeds; in the
synchrotron, both radiofrequency and time-varying magnetic field are used.
High-energy nuclear physics research is carried out through the use of such
accelerators. Through severa spalation processes, high energy charged
particles can produce large numbers of neutrons which have a variety of
applications.

8.8  Exercises

8.1. Calculate the potential difference required to accelerate an electron to speed 2~ 10° /s,
8.2. What is the proper frequency for a voltage supply to alinear accelerator if the speed of
protons in atube of 0.6 mlengthis3~ 10° m/s?

8.3. Find the time for one revolution of a deuteron in a uniform magnetic field of 1 Wh/mZ,
8.4. Develop a working formula for the final energy of cyclotron ions of mass m, charge q,
exit radius R, in amagnetic field B. (Use nonrelativistic energy relations.)

8.5. What magnetic field strength (Wh/m?) is required to accelerate deuterons in a cyclotron
of radius 2.5 m to energy 5 MeV?
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8.6. Performance data on the Main Ring proton synchrotron of Fermilab at Batavia, Illinois
(See References) were as follows:
Diameter of ring 2 km
Protons per pulse 6~ 10%
Number of magnets 954
Initial proton energy 8 GeV
Final proton energy 400 GeV
Number of revolutions 200,000
(a) Find the proton energy gain per revolution.
(b) Find the speed of the protons at final energy using relativistic formulas of Sections
1.4 and 8.4 (or computer program ALBERT, see Chapter 1)
(c) Calculate the magnetic field at the final speed of the protons.

8.7. What is the factor by which the mass is increased and what fraction of the speed of light
do protons of 200 hillion-electron-volts have?

8.8. Calculate the steady deuteron beam current and the electric power required in a 500-
GeV accelerator that produces 4 kg per day of plutonium-239. Assume a conservative 25
neutrons per deuteron.

8.9. Using the reativistic formulas from Section 1.4, show that for very large particle
energies the fractional difference in speed from that of light, f = (c-u)/c, is accurately
approximated by f = (1/2) (my/m)2 Find f for 50 GeV electrons of rest energy 0.511 MeV.
8.10. The velocities of protons and antiprotons in the 2 km diameter Tevatron ring are
practically the same as the velocity of light, 299792458 m/s. Find the time for particles of
final energy 1 TeV to traverse the circumference. How much error is there in this
approximation?
8.11. The synchrotron radiation loss in joules of a charge e with rest mass m, movingin a
circle of radius Ris given by Cohen (see References) as

DE= €9 (¢- V** /(3R
where g = E/mé, with E = mé® and ey @8.8542 ~ 10°% F/m. (a) Find an approximate
formulafor DE in keV for an electron as a function of energy in GeV and Rin meters, when
the speed is very close to the speed of light. (b) How much lower than the radiation from an
electron is that from a proton of the same radius and energy? (c) Find a formula for the
power radiated from an electron moving in a circle with speed much less than the speed of
light, in terms of the acceleration.

Computer Exercises

8A. Verify using computer program ALBERT (Chapter 1) that 1 TeV protons have a speed
that appears to be the same as the velocity of light. Calculate the fractiona difference
between u and ¢ using the formula derived in Ex. 8.9. Explain the discrepancy.

8.B. The electron-positron collider at Hamburg, Germany, produces 23 TeV particles.

(a) What isthe ratio of the electron’ s total energy to its rest energy (0.510998902 MeV).
Check the result using the computer program ALBERT (Chapter 1) by supplying a kinetic
energy of 2.3D7 (adouble precision number).

(b) If 23 TeV eectrons could be induced to travel around the earth (radius 6378 km),
how far behind alight beam would they arrive? See Ex. 8.9 for auseful formula
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Isotope Separators

ALL OF our technology is based on materids in various forms- e ements,
compounds, dloys, and mixtures. Ordinary chemica and mechanica
processes can be used to separate many materias into components. In the
nuclear field, however, individua isotopes such as uranium-235 and
hydrogen-2 (deuterium) are required. Since isotopes of a given element
have the same atomic number Z, they are essentiadly identical chemicaly,
and thus a physicad method must be found that distinguishes among
particles on the basis of mass number A. In this chapter we shall describe
several methods by which isotopes of uranium and other elements are
separated. Four methods that depend on differences in A are: (8) ion motion
in a magnetic fidd, (b) diffusion of particles through a membrane, (C)
motion with centrifugal force, and (d) atomic response to a laser beam.
Cdculations on the amounts of material that must be processed to obtain
nuclear fuel will be presented, and estimates of costs will be given.

9.1 Mass Spectrograph

We recall from Chapter 8 that a particle of mass m, charge q, and speed
u will move in a circular path of radius r if injected perpendicular to a
magnetic field of strength B, according to the relation r = mu/gB. In the
mass spectrograph (Fig. 9.1), ions of the element whose isotopes are to be
separated are produced in an electrical discharge and accelerated through a
potentia difference V to provide a kinetic energy % mu ? =qV. The charges
move fredy in a chamber maintained at very low gas pressure, guided in
semicircular paths by the magnetic field. The heavier ions have a larger
radius of motion than the light ions, and the two may be collected
separately. It isfound (see Exercise 9.1) that the distance between the points
a which ions are collected is proportional to the difference in the square
roots of the masses. The spectrograph can be used to measure masses with
some accuracy, or to determine the relative abundance of isotopes in a
sample, or to enrich an element in a certain desired isotope.

The electromagnetic process was used on uranium during World War 11
to obtain weapons material, using the “calutron” (after the University of
Cdifornia at Berkeley, where it was developed). A total of 1152 unitsin the
“Alpha’ and “Beta’ processes were operated at the Y-12 Plant at Oak
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Ridge, producing the enriched uranium for one atomic bomb by 1945. Since
the cost of electrical power for the process is large, aternative processes
such as gaseous diffusion and centrifuge are employed to produce reactor
fuels. However, for over 50 years a few calutrons were maintained at Oak
Ridge. These separated light stable isotopes in small quantities needed for
research and for targets for accelerator-produced radioisotopes. In 1998 the
system was shut down, possibly permanently (see References). It is notable
that Iraq was developing its own electromagnetic process before the Gulf
War (see References).

Collector E%
Heavy ton

Muagnetic

lon source fickd {in)

Vacoum chamber

Fig. 9.1 Mass spectrograph.

9.2 Gaseous Diffusion Separator

The principle of this process can be illustrated by a smple experiment,
Fig. 9.2. A container is divided into two parts by a porous membrane, and
air isintroduced on both sides. Recdl that air is a mixture of 80% nitrogen,
A = 14, and 20% oxygen, A = 16. If the pressure on one side is raised, the
relative proportion of nitrogen on the other side increases. The separation
effect can be explained on the basis of particle speeds. The average kinetic
energies of the heavy (H) and light (L) molecules in the gas mixture are the
same, E, = E, but since the masses are different, the typical particle speed
bear aratio

u _[m

Uy, m,
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Now the number of molecules of a given type that hit the membrane each
second is proportional to nu in andogy to neutron motion discussed in
Chapter 4. Those with higher speed thus have a higher probability of
passing through the holes in the porous membrane, called the “barrier.”

The physical arrangement of one processing unit of a gaseous diffusion
plant for the separation of uranium isotopes U-235 and U-238 is shown in
Fig. 9.3. A thin nickd aloy serves as the barrier materia. In this “stage,”
gas in the form of the compound uranium hexafluoride (UFs) is pumped in
as feed and removed as two streams. One is enriched and one depleted in
the compound ***UF;, with corresponding changesin ***UFs. Because of the
very small mass difference of particles of molecular weight 349 and 352 the
amount of separation is small and many stages in series are required in what
is caled a cascade.

Natural uranium has a smal U-234 component, atom fraction 0.000055.
For smplicity, we shall ignore its effect except for Exercise 9.11.

Any isotope separation process causes a change in the relative numbers
of molecules of the two species. Let ny and n. be the number of molecules
in asample of gas. Their abundance ratio is defined as

n
R=—-.
Ny

For example, in ordinary air R = 80/20 = 4.

The effectiveness of an isotope separation process is dependent on a
quantity called the separation factor r. If we supply gas at one abundance
ratio R, the ratio R¢on the low-pressure side of the barrier is given by

Fic. 9.2 Gaseous diffusion separation of nitrogen and oxygen.
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R¢ =rR
If only a very small amount of gas is alowed to diffuse through the
barrier, the separation factor is given by r = «/mH /mg , which for UF; is

1.0043. However, for a more pactical case, in which haf the gas goes
through, the separation factor is smaller, 1.0030 (see Exercise 9.2). Let us
caculate the effect of one stage on natural uranium, 0.711% by weight,
corresponding to a U-235 atom fraction of 0.00720, and an abundance ratio
of 0.00725. Now

R¢ = rR = (1.0030) (0.00725) = 0.00727.

Fus. 9.3 Gaseous diffusion stage.

The amount of enrichment is very small. By processing the gas in a
series of s stages, each one of which provides a factor r, the abundanceratio
is increased by a factor r°. If R and R, refer to feed and product,
respectively, R, = r® R. For r = 1.0030 we can easily show that 2375
enriching stages are needed to go from R = 0.00725 to highly enriched 90%
U-235, i.e, R, = 0.9/(1-0.9) = 9. Figure 9.4 shows the arrangement of
several stages in an elementary cascade, and indicates the value of R at
various points. The feed is natural uranium, the product is enriched in U-
235, and the waste is depleted in U-235.

Figure 9.5 shows the gaseous diffusion uranium isotope separation plant
at Portsmouth, OH. Such a facility is very expensive, of the order of a
billion dollars, because of the size and number of components such as
separators, pumps, valves, and controls, but the process is basically smple.
The plant runs continuoudy with a smal number of operating personnel.
The principal operating cost is for the eectricall power to provide the
pressure differences and to perform work on the gas. The Portsmouth plant
and another one at Paducah, KY are managed by the U.S. Enrichment Corp.
(USEC), which is a business created by privatization of government-owned
facilities (see References). USEC is participating in a program with Russia
cdled “Megatons to Megawatts’ involving dilution of highly enriched
uranium to levels used in reactors.

The flow of UFs and thus uranium through individua stages or the
whole plant can be analyzed by the use of material balances. One could
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keep track of number of particles, or moles, or kilograms, since the flow is
continuous. It will be convenient to use kilograms per dy as the unit of
uranium flow for three streams: feed (F), product (P), and waste (W), aso
caled “tails.” Then,
F=P+W.

Letting x stand for the U-235 weight fractions in the flows, the balance

for the light isotope is
Xi F =X P+ X, W.

(A smilar equation could be written for U238, but it would contain no
additional information.) The two equations can be solved to obtain the ratio
of feed and product mass rates. Eliminating W,

F_Xp'xw

P X;-xX

w

For example, let us find the required feed of natural uranium to obtain 1
kg/day of product containing 3% U-235 by weight. The abbreviation w/o is
typically used for weight percent. Assume that the waste is at 0.3 w/o. Now

F _ 003- 0003

P 000711- 0003

and thus the feed is 6.57 kg/day. We note that W is 5.57 kg/day, which
shows that large amounts of depleted uranium tails must be stored for each
kilogram of U-235 produced. The U-235 content of the tails is too low for
use in conventional reactors, but the breeder reactor can convert the U-238

=657

Produci
——
00073l e m—-
0.00729
000727
___________ Feed
0.00725
0.00723
——————————— 0.00721
Waste

FiG. 94 Gaseous diffesion cascade,
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Fio. 9.5 Gaseous diffusion plant at Portsmouth, OH {Courtesy LS. Enrichment Corp. ).

into plutonium, as will be discussed in Chapter 13.

The cost of enrichment is dependent in part on the energy expended,
which is measured in “separative work units’ (SWU, pronounced “swoo”)
with units in kilograms. The method of calculating SWU is reserved for
Computer Exercise 9.A. By use of a program called ENRICH3, Table 9.1
was developed. The feed w/o was taken as 0.711, corresponding to an atom
percent of 0.720.

TaBLEO.1
Nuclear Fuel Data
Weight percent Ratio of feed Separative work

U-235 to product units(SWU)

0.711 1.000 0

0.8 1.217 0.070

1.0 1.703 0.269

2.0 4.136 1.697

30 6.569 3.425

5.0 11.436 7.198
10.0 23.601 17.284
20.0 47.932 38.315
90.0 218.248 192.938

Let us use the table to find the amount of fud needed and its cost to a
utility. Assume that the fuel isto be enriched to 3 w/o. Thus each kg of fuel
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contains 30 grams of U-235 and 970 grams of U-238. The natural uranium
feed required for the isotope separation process is 6.569 kg or 14.48 Ib. It is
easy to show (Ex. 9.8) that the U weight fraction in the UsOg that would
contain it is 0.848. Thus our feed becomes 6.569/0.848 = 7.75 kg of the
oxide, or 17.1 Ib. At atypica price of $10/Ib, the cost of uranium is $171.

In Column 3 of the table is found the SWU vaue of 3.425, and using a
reasonable enrichment charge of $75/SWU, the cogt is $257. Findly, there
is a cost for chemical converson of the uranium into the form used for
enrichment, UF;, of say $1.50/b of contained U, giving an extra (14.48 1b)
($1.50/Ib) = $22. The totd, excluding fabrication and transportation, is thus
$450/kg. To fuel a nuclear reactor rated a 1000 MWe, an electric utility
may need about 60,000 Ibly, or 27,200 kgly giving an annud fuel cogt of
$12.2 million. However, it can produce typicdly an average of 700 MW of
electrical power over the 8760 hours per year, a total of 6.14 ~ 10° kwh.
The basic fuel cost isthus 0.2 cents or 2 mills per kilowatt-hour.

The world picture on uranium enrichment has been changing in recent
years, as more suppliers have appeared and U.S. utilities have diversfied
their sources. A large fraction of the natural uranium used in the U.S.
comes from other countries such as Canada, Russia, and Australia. About
half of the enrichment services are provided by USEC, with the remainder
from abroad, e.g., Eurodif, Urenco, and Tenex. Details are found in DOE’'s
Uranium Industry report (see References).

A factor that renders the future Situation uncertain is the amount and
speed of reduction in weapons-grade uranium in the stockpiles of the U.S.
and the Commonweslth of Independent States (CIS). Conversion of highly-
enriched uranium (HEU) into fuel suitable for reactor use as low-
enrichment uranium (LEU) affects the supply Stuation sgnificantly,
including the mining and refining industries as well as the isotope
Separation process.

9.3 Gas Centrifuge

This device for separating isotopes, aso cdled the ultra-centrifuge
because of the very high speeds involved, has been known since the 1940s.
It was tested and abandoned during World War |1 because materials that
would withstand high rotation speeds were not available and existing
bearings gave large power losses. Developments since have made
centrifuges practical and economical. The centrifuge consists of a cylindrical
chamber- the rotor- turning at very high speed in avacuum as sketched in Fig.
9.6(a)).

The rotor is driven and supported magnetically. Gas is supplied and
centrifugal force tends to compress it in the outer region, but thermal
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f ™y
Magneis

Rotor

Yacuum
/ chamber

Magnets
Fiz 9.6ia) Gas centrifuge.

agitation tends to redistribute the gas molecules throughout the whole
volume. Light molecules are favored in this effect, and their concentration
is higher near the center axis. By various means a countercurrent flow of
UFs gas is established that tends to carry the heavy and light isotopes to
opposite ends of the rotor. Depleted and enriched streams of gas are
withdrawn by scoop pipes, as shown schematically in Fig. 9.6(b). More
detailed diagrams are found in the References.
The theory of separation by centrifugal force starts with the formula for
the gas dengity distribution in a gravitationa field,
N = N, exp(-mgh),
where the potentia energy is mgh. Adapt the expression to a rotating gas,
with kinetic energy at radius r being -mu? =->ma’r?, where w is the

Enriched

Depleted

Top

Bottom == —=—1=

Ouizide Center

Fic. 9.6(b) Gas streams in centriluge.
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angular velocity, u/r. Apply to two gases of masses my and m to obtain the
abundance ratio as a function of distance

R= R, exp[(my - m) w?r?/(2kT)].
Note that separation depends on the difference in masses rather than on
their square roots as for gaseous diffusion.

Separation factors of 1.1 or better were obtained with centrifuges about
30 cm long, rotating at a rate such that the rotor surface speed is 350 m/s.
The flow rate per stage of a centrifuge is much lower than that of gaseous
diffusion, requiring large numbers of unitsin parald.

The dectricd power consumption for a given capacity is lower,
however, by a factor of 6 to 10, giving a lower operating cost. In addition,
the capital cost of a centrifuge plant islower than that of a gaseous diffusion
plant. European countries have taken advantage of the lower costs of
centrifuge separation to challenge the former U.S. monopoly on enrichment
sarvices. In fact, several American utilities buy fuel from Europe. Examples
of facilities are the French Eurodif operated by Cogema and the three plants
of Urenco, Ltd. at Capenhurst in the U.K., a Almelo in the Netherlands (see
Fig. 9.7), and at Gronau in West Germany.

9.4  Laser Isotope Separation

A new and entirely different technique for separating uranium isotopes
uses bser light (see Section 2.4) to selectively ionize uranium-235 atoms,
which can be drawn away from uranium-238 atoms. Research and
development on the process, caled atomic vapor laser isotope separation
(AVLIS), was done in a cooperative program between L awrence Livermore
National Laboratory and Oak Ridge National Laboratory.

An element such as uranium has a well-defined set of electron orbits,
similar to those described in Section 2.3, but much more complex because
there are 92 electrons. The difference in masses of the nucle of uranium-
235 and uranium-238 results in subtle differences in the eectronic orbit
structure and corresponding energies required to excite or ionize the two
isotopes.

A laser can supply intense light of precise frequencies, and a fine-tuned
laser beam can provide photons that ionize the U-235 and leave the U-238
unchanged. The ionization potentid for U-235 is 6.1 volts. The method
takes advantage of the intensity and unique frequency character of laser
beams, to perform resonance depwise excitation of an atom. In the AVLIS
technique, three photons of around 2 eV achieve the ionization.

The virtue of the method is the amogt-perfect selection of the desired
isotope. Of 100,000 atoms ionized by a laser beam, al but 1 are U-235.
This permits enrichment from 0.7% to 3% in a single stage rather than
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FiG. 9.7  One of the centnfuge enrichment halls of the plant at Almelo, The Netherlands.
(Courtesy Uirenco, Ltd. ).

thousands as with gaseous diffuson. One kilogram of enriched product
comes from 6 kg of natural uranium. The system sketched in Fig. 9.8
consists of several components. The first is the vaporizer, as a source of
atoms, which are easier to ionize efficiently than the complex molecules. In
an evacuated chamber, a stream of electrons impinges on a crucible of
uranium, melting and vaporizing the meta. A high vaporization rate is
achieved, even though the boiling point of uranium is 4000 K. The second
is the laser light source, which involves two types of lasers. A pulsed
electric current passes through a copper-vapor laser, with electric energy
converted into light energy as in a fluorescent lightbulb. Its yellow-green
light then energizes (“pumps’) the second laser, in which a dye is dissolved
in alcohol. The dye laser emits an orange-red light, which is amplified and
adjusted in frequency. This laser’s light irradiates the uranium vapor, and is
absorbed by uranium-235 aoms, which are ionized in the three-step
resonant process. It is necessary to isolate the uranium-235 ions
immediately to prevent charge exchange with the unwanted uranium-238
atoms. An eectric field is provided to draw the ions off to a product
collector. There, the ions lose their charge and become atoms, to condense
as liquid on the plates. The enriched uranium liquid is drawn off and either
cast and stored as a solid or converted into uranium dioxide for use as
reactor fuel. The uranium-238 atoms pass through the laser beam and
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condense on the walls of the chamber, to be removed as low concentration
tails.

The AVLIS was regarded as very promising, with the whole U.S.
uranium separation of 5 million kg predicted to be possible with only 125
KW of laser power. However, in 1995 the laser separation technology was
transferred to USEC, which concluded that the financia returns from the
method would be inadequate, and in 1999 terminated the R&D program.
USEC stated that aternatives such as centrifuges and the Silex process ((an
Audtralian laser method, see References) would be considered as
replacements for gaseous diffusion.

Thanks are due James |. Davis of Lawrence Livermore National
Laboratory and N. Haberman of the Department of Energy for some of the
information in this section.

9.5 Separation of Deuterium

The heavy isotope of hydrogen 2H, deuterium, has two principa
nuclear applications: (a) as low-absorption moderator for reactors,
especidly those using natural uranium, and (b) as a reactant in the fusion
process. The differences between the chemical properties of light water and
heavy water are dight, but sufficient to permit separation of 1Hand 2H by

Tails collector

Product
collector

Vaporizer

Fici. 9.8 Atomc vapor laser isolopic separation,
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severad methods. Among these are electrolysis, in which the H,O tends to
be more readily dissociated; fractional distillation, which takes advantage of
the fact that D,O has a boiling point about 1 degree C higher than that of
H,0O; and catalytic exchange, involving the passage of HD gas through H,O
to produce HDO and light hydrogen gas.

9.6 Summary

The separation of isotopes requires a physical process that depends on
mass. In the electromagnetic method, as used in a mass spectrograph, ions
to be separated travel in circles of different radii. In the gaseous diffusion
process, light molecules of a gas diffuse through a membrane more readily
than do heavy molecules. The amount of enrichment in gaseous diffusion
depends on the square root of the ratio of the masses and is small per stage,
requiring a large number of stages. By the use of materiad balance
equations, the amount of feed can be computed, and by the use of tables of
separative work, costs of enriching uranium for reactor fuel can be found.
An dternative separation device is the gas centrifuge, in which gases
diffuse against the centrifugal forces produced by high speeds of rotation.
Laser isotope separation involves the selective excitation of uranium atoms
by lasers to produce chemica reactions. Severa methods of separating
deuterium from ordinary hydrogen are available.

9.7 Exercises
9.1. (a) Show that the radius of motion of an ion in a mass spectrograph is given by

2mvV
r= .
B2

(b) If the masses of heavy H) and light () ions are my and m, show that their

separation at the plane of collection in a mass spectrograph is proportional to ,/mH - JmL .
9.2. Theidea separation factor for a gaseous diffusion stageis

r =1+0.69i1’mH /mL - l) .

Compute its value for 2°UFg and 2®UFg, noting that A= 19 for fluorine.

9.3. (a) Verify that for particles of masses my and m, the number fraction f_ of the light
particle isrelated to the weight fractions wy and wy_ by

n. 1
fL = = -

+ W

n|_ nH 1+ H'L

W my,

(b) Show that the abundance ratio of numbers of particlesis either
n f w, [/
R=—=—1L— or L/m

ng, 1-f. wy /my
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(c) Calculate the number fraction and abundance ratio for uranium metal that is 3% U-
235 by weight.

9.4. The total fuel loading of a new research reactor is 2000 kg of uranium at 20 w/o U-235.
Using Table 9.1, find the amount of natural uranium feed and the SWUs required to fuel the
reactor, assuming tails of 0.3 w/o.

9.5. A typical reactor using product uranium from an isotope separator at 3% enrichment
burns 75% of the U-235 and 2.5% of the U-238. What percentage of the mined uranium is
actually used for electrical power generation?

9.6. Find the amount of natural uranium feed (0.711% by weight) required to produce 1
kg/day of highly enriched uranium (90% by weight), if the waste concentration is 0.25% by
weight. Assume that the uranium isin the form of UFs.

9.7. How many enriching stages are required to produce uranium that is 3% by weight, using
natural UFg feed? Let the waste be 0.2%.

9.8. Using @omic weights of uranium and oxygen in the Appendix, verify that the weight
fraction of U in U30gis0.848.

9.9. The number density of molecules as the result of loss through a barrier can be expressed
as n = ny exp(-cu t) where cis aconstant, u is the particle speed, and ng and n are vaues
before and after an elapsed time t. If half the heavy isotope is alowed to pass through, find
the abundance ratio R#R = rin the enriched gas as a function of the ratio of molecular
masses. Test the derived formulafor the separation of uranium isotopes.

9.10. Depleted uranium (0.3% U235) is processed by laser separation to yield natural
uranium (0.711%). If the feed rate is 1 kg/day and all of the U-235 goes into the product,
what amounts of product and waste are produced per day?

9.11. Using natural uranium atom percents 99.2745 for U-238, 0.7200 for U-235, and 0.0055
for U-234, and atomic masses given in the Appendix, calculate the atomic mass of natural U
and the weight percents of each isotope. Suggestion: make a table of numbers.

9.12. A utility plans to increase the enrichment of its nuclear fuel from 3 w/o to 5 w/o,
achieving an increase in capacity factor from 0.70 to 0.80 as the result of longer operating
cycles. Estimate costs in the two cases and determine if there is a net financia gain or loss,
assuming that electricity is worth around 20 mills’/kWh.

9.13. A certain country covertly builds production mass spectrographs to separate uranium
isotopes. The objective is to obtain 50 kg of highly enriched uranium for a nuclear weapon,
in one year of continuous operation. (8) Assuming optimistically that separation is perfect,
what current of U™ ions would be required? (b) Neglecting power needed for heating and
magnets, what amount of electrical power at 50 kV isrequired? (c) Would the power source
be difficult to conceal ?

9.14. (a) Cdculate the centrifugal acceleration a = u?r in a centrifuge at radius r = 0.1 m
with an angular speed of 5000 radiansg/second. By what factor is that larger than the
acceleration of gravity 9.8 m/s?? (b) Find the ratio RIR, for UFs of molecular weights 349
and 352 at 330K, recalling k = 1.38~ 102 JK and themass of 1 amu=1.66" 10% kg.

Computer Exercises

9.A. The tails concentration of a gaseous diffusion separation process is typically 0.3 w/o.
For a fixed product, e.g., 1 kg of 3 w/o fuel, study the variation of feed plus enrichment cost
with the tails concentration, using (a) computer program ENRICH3 and some hand
calculations, or (b) by adapting ENRICH3 to calculate costs.

9.B. Adapt computer program ENRICH3 to calculate costs as well as flows and SWU. Then,
find the cost per gram of U-235 and cost per kilogram of U in product of 3 w/o, 20 w/o, and
90 w/o. Keep a constant tails assay of 0.3 w/o.
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9.8 References for Chapter 9

Smyth Report on Separation of Uranium I sotopes (1945)
http://www.fas.org/nuke/hew/Smyth
Reproduction of Chapters | X-XI by Federation of American Scientists

Stelio Villani, I sotope Separation, American Nuclear Society, La Grange Park, IL, 1976. A
monograph that describes most of the techniques for separating isotopes, including theory,
equipment, and data.

Uranium Enrichment
http://www.uic.com.au/nip33.htm
Facts and figuresin a briefing paper by Uranium Information Centre (Australia)

Calutrons at Oak Ridge

http://www.ornl.gov/publications/| abnotes/feb95/cal utron.html
Resumption of operation in 1995
http://www.ornl.gov/reporter/nol/calutron.htm

Shutdown in 1998

Irag’s quest for nuclear weapons

http://www.fas.org

Select Irag Crisig/lragi Specia Weapons Programs/Nuclear Programs. By Federation of
American Scientists.

United States Enrichment Corporation
http://www.usec.com
Search using keywords Uranium Enrichment, AVLIS, Megatons to Megawatts, and Silex.

Donald R. Olander, “The Gas Centrifuge,” Scientific American, August 1978, p. 37.

D. G. Avery and E. Davies, Uranium Enrichment by Gas Centrifuge, Mills & Boon Ltd.
London, 1973. Brief discussion of concept with theory of operation.

Urenco
http://www.urenco.com/home.htm
Click on Group. Diagrams and facts from a European company.

Richard N. Zare, “Laser Separation of Isotopes,” Scientific American, February 1977, p. 86.

Silex Systems, Ltd.

http://www.silex.com.au/overview/index.html

Select Overview. General discussion of a proprietary laser method. Click on Important
Notice for adisclaimer

Jeff W. Eerkens, Editor, Selected Papers on Laser |sotope Separation-Science and
Technology, SPIE Optical Engineering Press, Bellingham, WA, 1995. Paperson AVLIS,
MOLIS (molecular |aser isotope separation), CRISLA (chemical reaction by isotope
selective laser activation), and others. A comprehensive review of all the methods by a
researcher on laser technique.

Allen S. Krass, Peter Boskma, Bodlie Elzen, and Wim A. Smit, Uranium Enrichment and
Nuclear Weapon Proliferation, International Publication Service, Taylor & Francis, New
York, 1983. A report by the Stockholm International Peace Research Institute (SIPRI).



References for Chapter 9 113

Uranium Industry Annual 1998
http://www.el a.doe.gov/cneaf/nucl ear/uia/contents.html#pre
Data on raw material, enrichment, and usage



10

Radiation Detectors+

MEASUREMENT OF radiation is required in al facets of nuclear energy-in
scientific studies, in the operation of reactors for the production of electric
power, and for protection from radiation hazard. Detectors are used to
identify the radioactive products of nuclear reactions and to measure
neutron flux. They determine the amount of radioisotopes in the air we
breathe and the water we drink, or the uptake of a sample of radioactive
material administered to the human body for diagnoss.

The kind of detector employed depends on the particles to be
observed- electrons, gamma rays, neutrons, ions such as fisson fragments,
or combinations. It depends on the energy of the particles. It also depends
on the radiation environment in which the detector is to be used- at one end
of the scale is a minute trace of a radioactive material and at the other a
source of large radiation exposure. The type of measuring device, asin al
applications, is chosen for the intended purpose and the accuracy desired.

The demands on the detector are related to what it is we wish to know:
(&) whether there is a radiation field present; (b) the number of nuclear
particles that strike a surface per second or some other specified period of
time; (c) the type of particles present, and if there are several types, the
relative number of each; (d) the energy of the individual particles; and (€)
the instant a particle arrives at the detector. From the measurement of
radiation we can deduce properties of the radiation such as dbility to
penetrate matter and to produce ionization. We can aso determine
properties of a radioactive source, including disintegration rate, half-life,
and amount of material.

In this chapter we describe the important features of afew popular types
of detectors. Most of them are based on the ionization produced by
incoming radiation. The detector may operate in one of two modes. (a)
current, in which an average eectrica flow is measured, as with an
ammeter; and (b) pulse, in which the dectrica signals produced by
individual particles or rays are amplified and counted. A detector operating
in this mode is known as a counter.

Since none of the five human senses will measure nuclear radiation, a

T Suggestions by Glenn F. Knoll are recognized with appreciation.
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Fic, 10.1 Basic detector.

detector serves us as a “sixth sense.” A detector also makes it possible to
revea the existence of amounts of materia much smaller than can be found
by ordinary chemical tests.

10.1 Gas Counters

Picture a gas-filled chamber with a central electrode (anode, dectricaly
positive) and a conducting wall (cathode, negative). They are maintained at
different potential, as shown in Fig. 10.1. If a charged particle or gamma
ray is alowed to enter the chamber, it may produce a certain amount of
ionization in the gas. The resultant positive ions and electrons are attracted
toward the negative and positive surfaces, respectively. A charge movesin
the locd fidd £ with a drift velocity up = m £, where the mobility m
depends on the time between collisions and the mean free path (see Section
4.6). If a magnetic field is present, charges tend to execute circular paths
interrupted by collisons. When the voltage across the tube is low, the
charges merely migrate through the gas, they are collected, and a current of
short duration (a pulse) passes through the resistor and the neter. More
generally, amplifying circuits are required. The number of current pulsesis
ameasure of the number of incident particles that enter the detector, which
isdesignated as an ionization chamber when operated in this mode.

If the voltage is then increased sufficiently, electrons produced by the
incident radiation through ionization are able to gain enough speed to cause
further ionization in the gas. Most of this action occurs near the central
eectrode, where the éectric field is highest. The current pulses are much
larger than in the ionization chamber because of the amplification effect.
The current is proportiona to the original number of eectrons produced by
the incoming radiation, and the detector is now called a proportional
counter. One nay distinguish between the passage of beta particles and
apha particles, which have widdly different ability to ionize. The time for
collection is very short, of the order of microseconds.

If the voltage on the tube is raised ill higher, a particle or ray of any
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energy will set off a discharge, in which the secondary charges are so great
in number that they dominate the process. The discharge stops of its own
accord because of the generation near the anode of positive ions, which
reduce the electric field there to such an extent that electrons are not able to
cause further ionization. The current pulses are then of the same size,
regardless of the event that initiated them. In this mode of operation, the
detector is caled a Geiger-Miller (GM) counter. Unlike the proportiona
counter, the magnitude of the pulses produced by a GM counter is
independent of the origind number of eectrons released by the ionizing
radiation. Therefore the counter provides no information about the type or
energy of the radiation. There is a short period, the dead time, in which the
detector will not count other incoming radiation. If the radiation level is
very high, a correction of the observed counts to yield the “true” counts
must be made, to account for the dead time. In some gases, such as argon,
there is a tendency for the eectric discharge to be sustained, and it is
necessary to include a small amount of foreign gas or vapor, e.g., acohal, to
“quench” the discharge. The added molecules affect the production of
photons and resultant ionization by them.

A qudlitative distinction between the above three types of counters is
displayed graphically in Fig. 10.2, which is a semilog plot of the charge
collected as a function of voltage. We note that the current varies over
severa orders of magnitude.

10.2 Neutron Detectors

In order to detect neutrons, which do not create ionization directly, it is
necessary to provide a means for generating the charges that can ionize a
gas. Advantage is taken of the nuclear reaction involving neutron
absorption in boron

dn+ 19B® 4He+ iLi,

where the helium and lithium atoms are released as ions. One form of boron
counter is filled with the gas boron trifluoride (BFs;), and operated as an
ionization chamber or a proportiona counter. It is especially useful for the
detection of therma neutrons since the cross section of boron-10 at 0.0253
eV islarge, 3840 barns, as noted in Chapter 4. Most of the 2.8 MeV energy
release goes to the kinetic energy of the product nuclei. The reaction rate of
neutrons with the boron in BF; gas is independent of the neutron speed, as
can be seen by forming the product R = nuNs,, where s, variesas 1/u. The
detector thus measures the number density n of an incident neutron beam
rather than the flux. Alternatively, the metal electrodes of a counter may be
coated with a layer of boron that is thin enough to alow the apha particles
to escape into the gas. The counting rate in a boron-lined chamber depends
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on the surface area exposed to the neutron flux.

The fission chamber is often used for dow neutron detection. A thin
layer of U-235, with high thermal neutron cross section, 681 barns, is
deposited on the cathode of the chamber. Energetic fisson fragments
produced by neutron absorption traverse the detector and give the necessary
ionization. Uranium-238 is avoided because it is not fissle with dow
neutrons and because of its stopping effect on fragments from U-235
fisson.

Neutrons in the thermal range can be detected by the radioactivity
induced in a substance in the form of smadl fail or thin wire. Examples are
manganese 52Mn, with a 13.3 barn cross section at 2200 m/s, which
becomes $8Mnwith hdf-life 258 h; and dysprosum&Dy, 17" 10°
barns, becoming'& Dy, hdf-life 2.33 h. For detection of neutrons dightly
above therma energy, materias with a high resonance cross section are
used, e.g., indium, with apeak at 1.45 eV. To separate the effects of thermal
neutron capture and resonance capture, comparisons are made between
measurements made with thin foils of indium and those of indium covered
with cadmium. The latter screens out low-energy neutrons (below 0.5 €V)
and passes those of higher energy.

For the detection of fast neutrons, up in the MeV range, the proton recoil
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method is used. We recall from Chapter 4 that the scattering of a neutron by
hydrogen results in an energy loss, which is an energy gain for the proton.
Thus a hydrogenous materia such as methane (CH,) or H, itself may serve
as the counter gas. The energetic protons play the same role as did
a paticles and fisson fragments in the counters discussed previoudy.
Nuclear reactions such as 3He(n,p) 3H can aso be employed to obtain
detectable charged particles.

10.3 Scintillation Counters

The name of this detector comes from the fact that the interaction of a
particle with some materiads gives rise to a scintillation or flash of light. The
basic phenomenon is familiar- many substances can be dimulated to glow
vishbly on exposure to ultraviolet light, and the images on a color television
screen are the result of electron bombardment. Molecules of materials
classed as phosphors are excited by radiation such as charged particles and
subsequently emit pulses of light. The substances used in the scintillation
detector are inorganic, e.g., sodium iodide or lithium iodide, or organic, in
one of various forms- crystaline, plastic, liquid, or gas.

The amount of light released when a particle strikes a phosphor is often
proportiona to the energy deposited, and thus makes the detector especially
useful for the determination of particle energies. Since charged particles
have a short range, most of their energy appears in the substance. Gamma
rays dso give rise to an energy deposition through eectron recoil in both
the photodlectric effect and Compton scattering, and through the pair
production-annihilation process. A schematic diagram of a detector system
is shown in Fig. 10.3. Some of the light released in the phosphor is
collected in the photomultiplier tube, which consists of a set of electrodes
with photosensitive surfaces. When a photon strikes the surface, an electron
is emitted by the photoelectric effect, it is accelerated to the next surface
where it didodges more dectrons, and so on, and a multiplication of current
is achieved. An amplifier then increases the electrica signa to a level
convenient for counting or recording.

Fhotosengitive e
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Fus. 1003 Scintiflation detection system
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Radiation workers are required to wear persona detectors called
dosmeters in order to determine the amount of exposure to X- or gamma
rays or neutrons. Among the most reliable and accurate types is the
thermoluminescent dosimeter (TLD), which measures the energy of
radiation absorbed. It contains crystalline materials such as CaF, or LiF
which store energy in excited states of the lattice called traps. When the
substance is heated, it releases light in atypica glow curve as shown in Fig.
10.4. The dosmeter consists of a small vacuum tube with a coated cylinder
that can be heated by a built-in filament when the tube is plugged into a
voltage supply. A photomultiplier reads the peak of the glow curve and
gives values of the accumulated energy absorbed, i.e., the dose. The device
is linear in its response over a very wide range of exposures; it can be used
over and over with little change in behavior.

10.4 Solid State Detectors

The use of a solid rather than a gas in a detector has the advantage of
compactness, due to the short range of charged particles. Also, when the
solid is a semiconductor, great accuracy in measurement of energy and
ariva time is possible. The mechanism of ion motion in a solid detector is
unique. Visudize a crystal semiconductor, such as silicon or germanium, as
a regular array of fixed atoms with their complement of electrons. An
incident charged particle can disodge an electron and cause it to leave the
vicinity, which leaves a vacancy or “hole” that acts effectively as a positive
charge. The electron-hole pair produced is anaogous to negative and
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Light yield
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Fii. 104  Glow curve of the phosphor CaF,
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positive ions in a gas. Electrons can migrate through the material or be
carried aong by an eectric field, while the holes “move’ as eectrons are
successively exchanged with neighboring atoms. Thus, eectrons and holes
are negative and positive charge carriers, respectively.

The eectrica conductivity of a semiconductor is very senstive to the
presence of certain impurities. Consider silicon, chemica valence 4 (with 4
electrons in the outer shell). Introduction of a small amount of valence 5
material such as phosphorus or arsenic gives an excess of negative carriers,
and the new materia is called ntype silicon. If instead a valence 3 material
such as boron or galium is added, there is an excess of podtive carriers,
and the substance is called ptype silicon. When two layers of n-type and p-
type materials are put in contact and a voltage is applied, as in Fig. 10.5,
electrons are drawn one way and holes the other, leaving a neutral or
“depleted” region. Most of the voltage drop occurs over that zone, which is
very senditive to radiation. An incident particle creates electron-hole pairs
which are swept out by the internal electric field to register as a current
pulse. High accuracy in measurement by an rrp junction comes from the
fact that a low energy is needed to create an electron-hole pair (only 3 eV
vs. 32 eV for an ion pair in a gas). Thus a 100 keV photon creates a very
large number of pairs, giving high statistical accuracy. The collection time
is very short, about a billionth of a second, alowing precise time
measurements.

One way to produce a semiconductor detector with alarge active volume
is to introduce lithium on one surface of a heated crysta and apply an
eectric field. This “drifts’ the Li through the volume which compensates
residual ptype impurities. This detector must be kept permanently at liquid
nitrogen temperature (- 195.8°C), to prevent redistribution of the lithium. A
preferable detector for many applications is made of an ultra-high-purity
germanium, with impurity atoms reduced to 1 in about 10**. A smple diode
arrangement gives depletion depths of several centimeters. Such detectors
dill require liquid N, for operation, but they can be stored a room
temperature.

10.5 Statistics of Counting

The measurement of radiation has some degree of uncertainty because
the basic processes such as radioactive decay are random in nature. From
the radioactive decay law, Section 3.2, we can say that on the average ina
time interva t a given atom in a large collection of atoms has a chance
exp(- | t) of not decaying, and thusit hasachance 1 - exp(- | t) of decaying.
Because of the statistical nature of radioactivity, however, more or less than
these numbers will actualy be observed in a certain time interval. There is
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actualy a smal probability that either none or al would decay. In a series
of identical measurements there will be a spread in the number of counts.
Statistica methods may be applied to the data to estimate the degree of
uncertainty or “error.” The laws of probability may be applied. As
discussed in texts on statistics and radiation detection (see References), the
most rigorous expression is the binomia distribution (see Exercise 10.6),
which must be used to interpret the decay of isotopes of very short half-life.
A smple gpproximation to it is the Poisson distribution (see Exercise 10.7),
required for the study of low-level environmenta radioactivity. A further
gpproximation is the widdly used norma or Gaussian distribution, shown in
Fig. 10.6. Measured values of the number of counts x in repeated trials tend
to fit the formula,

P(x) =&/ JZpT%exp?(x- >_<)2 /(2;()2

where P(x) is the probability of being in a unit range at x and X isthe mean
value of the counts. A measure of the width of the curve is the standard
deviation, s . For this functiont, S =«/§. The area under the curve between
X +sand X - s is68% of the total, which indicates that the chance is
0.68 that a given measurement will lie in that range. The figure for 95% is =
2s. It can be shown that the fractional error in count rate is inversely
proportiona to the square root of the total number of counts.

Since the calculation for plotting of the above datistica distribution is
quite tedious, we have povided the computer program STAT, the use of
which is described in Computer Exercises 10.A-10.D. Also, program
EXPOIS generates smulated counting data for study using the Poisson
digtribution.

T In general, for a series of trids, 1,2, 3 ,. . ., N, if count rates are x and the average is
)_( , the standard deviation is

N —
s :\/_é(xi - x)2/(N-1J
i=1
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10.6 Pulse Height Analysis

The determination of the energy digtribution of nuclear particles and
rays is important for identifying radioactive species. If an incoming particle
deposits dl of its energy in the detector, the resulting voltage signa in the
external electric circuit of Fig. 10.7(a) can be used as a measure of particle
energy. The particle ionizes the medium, a charge Q is produced, and a
current flows, giving a time-varying voltage. If the time constant t = RC of
the circuit is short compared with the collection time, the voltage rises and
drops to zero quickly, asin Fig. 10.7(b). If t islarge, however, the voltage
rises to a peak value V,, = Q/C, where C is the capacitance, and then
because of the circuit characteristics declines dowly, asin Fig. 10.7(c). The
particle energy, proportional to charge, is thus obtained by a voltage
measurement.

Suppose that there are two types of particle entering the detector, say
alpha particles of 4 MeV and beta particles of 1 MeV. By application of a
voltage bias, the pulses caused by beta particles can be diminated, and the
remaining counts represent the number of alpha particles. The circuit that
performs that separation is called a discriminator.

The radiation from a given source will have some variation in particle
energy and thus a series of pulses due to successive particles will have a
variety of heights. To find the energy distribution, asingle-channel analyzer
can be used. This congists of two adjustable discriminators and a circuit that
passes pulses within a range of energy. The multichannel analyzer is a
much more efficient and accurate device for evaluating an entire energy
spectrum in a short time. Successive pulses are manipulated electronically

FiG. 10,6  Gaussian distribution. The area between the limils x + o is 63% of the total.
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and the signals stored in computer memory according to energy. The data
are displayed on an oscilloscope screen or are printed out.

10.7 Advanced Detectors

A number of specidized instruments have been developed in addition to
basic detectors. They are used for precise measurements of the products of
high-energy nuclear collisons. Examples are :

(& nuclear emulsion track detectors, originadly used for cosmic ray
studies. By application of the energy loss formula (see Section 5.2)
information is obtained on particle energy, mass, and charge. Specid
etching techniques are used and the counting of tracks with a microscopeis
automated.

(b) Cerenkov counters, which measure the light produced when a
particle has a speed higher than that of light in the medium. Cerenkov
radiation gives the “blue glow” seen near a pool reactor core.

(c) hadron caorimeters, which measure showers of hadrons (mesons and
nucleons), protons, and neutrons, produced by bombardment of materials of
particlesin the GeV range.

(d) neutrino detectors, consgting of large volumes of liquid or meta in



124 Radiation Detectors

which the rare collisions resulting in a scintillation occur.
These speciaized devices are discussed in the book by Kleinknecht (see
References).

10.8 Summary

The detection of radiation and the measurement of its properties is
required in al aspects of the nuclear field. In gas counters, the ionization
produced by incoming radiation is collected. Dependent on the voltage
between electrodes, counters detect all particles or distinguish between
types of particles. Neutrons are detected indirectly by the products of
nuclear reactions- for dow neutrons by absorption in boron or uranium-235,
for fast neutrons by scattering in hydrogen. Scintillation counters release
measurable light upon bombardment by charged particles or gamma rays.
Solid-state detectors generate a signal from the motion of electron-hole
pairs created by ionizing radiation. Pulse-height analysis yields energy
distributions of particles. Statistical methods are employed to estimate the
uncertainty in measured counting rates. Advanced specialized detectors are
used in high-energy physics research.

10.9 Exercises

10.1. (a) Find the number density of molecules of BF; in a detector of 2.54 cm diameter to be
sure that 90% of the thermal neutrons incident along a diameter are caught (s, for natura
boron is 760 barns).

(b) How does this compare, with the number density for the gas at atmospheric
pressure, with density 3.0~ 10°° glem®?

(c) Suggest ways to achieve the high efficiency desired.
10.2. An incident particle ionizes helium to produce an electron and a He™ ion halfway
between two paralé plates with potential difference between them. If the gas pressure is
very low, estimate the ratio of the times elapsed until the charges are collected. Discuss the
effect of collisions on the collection time.

10.3. We collect a sample of gas suspected of containing a small amount of radioiodine, half-
life 8 days. If we observein aperiod of 1 day atotal count of 50,000 in a counter that detects
all radiation emitted, how many atoms were initially present?

10.4. In a gas counter, the potential difference at any point r between a central wire of radius
r, and a concentric wall of radiusr, is given by

In(r / rl)

In(r2 /rl) '

where Vj is the voltage across the tube. If r; =1 mm and r, = 1 cm, what fraction of the
potential difference exists within amillimeter of the wire?

10.5. How many electrodes would be required in a photomultiplier tube to achieve a
multiplication of one million if one electron releases four electrons?

10.6. The probability of x successful eventsin n trials, each of which hasachancep, isgiven
by the binomial distribution formula,

V =V
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P(x) =nl px(l- p)n- X /((n- x) !x!) )
(a) apply to flipping a coin |, 2 and 3 times, finding the number of times the result is
heads, including zero. Check by simplelogic.

(b) apply to throwing a single die 1 or 2 times, finding the number of sixes. Check.
(c) repeat the above calculations using program STAT (see Computer Exercise 10.A).

10.7. For a situation in which the chance of success p is much smaller than 1, the probability
of x successesin n trials in the binomial formula of Ex. 10.6 is well approximated by the

Poisson formula
_X —
P(x) @(x /x!)exp(- x),

where x = pn is the mean value of x. What is the value of p in throwing asingle die? Find x
for 1 or 2 throws of adie and calculate P(x) for each case.

10.8. Counts are taken for a minute from a microcurie source of cesium-137, half-life 30.2
years. (a) Assuming one count for each 50 disintegrations, find the expected counting rate
and the number of counts for the interval. (b) Find the standard deviation in the counting
rate. (¢) Find the probability of decay of agiven atom of cesium in the 1-minute interval.

10.9. A pair of diceisthrown n =10 times. (a) Verify that the chance on one throw of getting
a7is p= 16. (b) Using the binomial distribution, find out the chance of getting a 7 exactly x
= 2 times out of the 10. (c) Repeat using the Poisson distribution.

10.10. The cross section for absorption for low-energy neutrons of nuclides such as boron-10
variesasl/u, as discussed in Section 4.5. Formally, we may write

Sa= SaoUplu
where s, is the cross section at ug = 2200 m/s. A boron neutron detector is placed in a
neutron speed distribution n(u), with ny as the total number of neutrons per cm® and N as the
number of boron nuclei per cm?®. Form the total reaction rate per cm® by integrating over the

distribution, as a generalization of the equation in Section 4.3. Discuss the result in terms of
what is being measured by the detector.

Computer Exercises

10.A. Program STAT in BASIC calculates the probability distribution P(x) using a choice of
the Binomial, Poisson, or Gauss formulas. () What is the value of p for throwing a “six”
with a single die? (b) Run the program with n =1, 2, 5, and 10 and note the probabilities of
finding O, 1, 2, . . . sixes. (c) Assuming that Binomial is exact, comment on the apparent
accuracy of the other two methods.

10.B. An apha particle detector for surface contamination is counted for 30 one-minute
intervals, with a total of 225 counts. What is the value of p? Using the Binomial and Poisson
distributions in the computer program STAT, calculate P(x) for x=0, 1, 2. . ., 30. How
accurate is the Poisson formula?

10.C. (a) What is the chance that any given person’s birthday is today? (b) If we select 1000
people at random, using the Poisson distribution in program STAT, what is the probability
that none has a birthday today? (c) Calculate P(x) for x=0to 10 and plot abar graph of the
results. What is the most likely number that have a birthday today and what is the mean
value? (d) Run STAT in Binomial mode for 20 people at a party and show that the chance of
two people having the same birthday is almost one-half.

10.D. Computer program EXPOIS calculates “experimental” particle counting data that can
be analyzed by Poisson statistics. It uses random numbers generated by BASIC using the
command RND(N), where N is an assigned set of numbers. Run the program for a typical
time from 10 to 30 minutes and compare the results graphically with Poisson data produced
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by the program STAT (Computer Exercise 10.A).
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Neutron Chain Reactions

THE POSSIBILITY of a chain reaction involving neutrons in a mass of nuclear
fuel such as uranium depends on (a) nuclear properties such as cross
sections and neutrons per absorption (Section 6.3) and (b) the size, shape,
and arrangement of the materials.

11.1 Criticality and Multiplication

To achieve a sdlf-sustaining chain reaction, one needing no externa
neutron supply, a “critica mass’ of uranium must be collected. To
appreciate this requirement we visualize the smplest nuclear reactor,
consisting of a meta sphere of uranium-235. Suppose that it consists of
only one atom of U-235. If it absorbs a neutron and fissions, the resultant
neutrons do nothing further, there being no more fud. If instead we have a
smal chunk of uranium, sy a few grams, the introduction of a neutron
might set off a chain of several reactions, producing more neutrons, but
most of them would escape through the surface of the body, a process called
leakage. Such an amount of fud is said to be “subcritical.” Now if we bring
together about 50 kg of U-235 metd, the neutron production baances the
leakage losses, and the system is self-sustaining or “critical.” The sizeisthe
critical volume and the amount of fudl is the critical mass. Neutrons had to
be introduced to start the chain reaction, but the number is maintained
without further additions. The term “criticd mass’ has become popular to
describe any collection of entities large enough to operate independently.

Figure 11.1 shows the highly enriched metd assembly Lady Godiva, so
named because it was “bare,” i.e., had no surrounding materias. It was used
for test purposes for a number of years at Los Alamos. If we add still more
uranium to the 50 kg required for criticality, more neutrons are produced
than are logt, the neutron population increases, and the reactor is
“supercritical.” Early nuclear weapons involved the use of such masses, in
which the rapid growth of neutrons and resulting fisson heat caused a
violent explosion.

11.2 Multiplication Factors
The behavior of neutrons in a nuclear reactor can be understood through

128
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Fig. 11.1  Fast metal assembly “Lady Godiva.”

andogy with populations of living organisms, for example, of human
beings. There are two ways to look at changes in numbers of people: as
individuals and as a group. A person is born and throughout life has various
chances of fatal illness or accident. On average the life expectancy at birth
might be 75 years, according to dtatistical data An individual may die
without an heir, with one, or with many. If on average there is exactly 1, the
population is constant. From the other viewpoint, if the rates of birth and
death are the same in a group of people, the population is again steady. If
there are more births than deaths by 1% per year, the population will grow
accordingly. This approach emphasizes the competition of process rates.

The same ideas apply to neutrons in a multiplying assembly. We can
focus attention on a typica neutron that was born in fisson, and has various
chances of dropping out of the cycle because of leakage and absorptionin
other materials besides fuel. On the other hand we can compare the reaction
rates for the processes of neutron absorption, fission, and leakage to see if
the number of neutrons is increasing, steady, or decreasing. Each of the
methods has its merits for purposes of discussion, analysis, and calculation.

For any arrangement of nuclear fuel and other materials, a single number
k tells the net number of neutrons per initia neutron, accounting for all
losses and reproduction by fisson. If k is less than 1 the system is
subcriticdl; if k is equa to 1 it is critical, and if k is greater than 1 it is
supercritical.

The design and operation of al reactors is focused on k or on related
quantities such as dk = k - 1, caled ddta-k, or dk/k, caled reactivity,
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symbolized by r. The choice of materials and size is made to assure that k
has the desired value. For safe storage of fissionable materia k should be
well below 1. In the critical experiment, a process of bringing materias
together with a neutron ®urce present, observations on neutron flux are
made to yield estimates of k. During operation, variationsin k are made as
needed by adjustments of neutron-absorbing rods or dispersed chemicals.
Eventually, in the operation of the reactor, enough fud is consumed to bring
k below 1 regardless of adjustments in control materials, and the reactor
must shut down for refueling.

We can develop a formula for k for our uranium metal assembly using
the dtatistical approach. As in Fig 11.2 (&), a neutron may escape on first
flight from the sphere, since mean free paths for fast neutrons are rather
long. Another neutron (b) may make one scattering collison and then
escape. Other neutrons may collide and be absorbed either (¢) to form U-
236 or (d) to cause fission, te latter yielding three new neutrons in this
case. Still other neutrons may make severd collisions before leakage or
absorption takes place. The statistical nature of the process is revealed by
the application of Computer Exercise 11.D, which involves the program
SLOWINGS. Scattering, absorption, and escape are simulated using a
Monte Carlo technique. A “flow diagram” as in Fig. 11.3 is useful to
describe the various fates. The boxes represent processes; the circles
represent the numbers of neutrons at each stage.

The fractions of absorbed neutrons that form U236 and that cause
fission, respectively, are the ratios of the cross section for capture s. and
fisson s; to that for absorption s,. The average number of neutrons
produced by fisson is n. Now let h be the combination ns¢/s ,, and note that
it is the number of neutrons per absorption in uranium. Thus letting £ be
the fraction not escaping by leakage,

k=h #

The system is critica if k =1, or h Z = 1. Measurements show that h is
around 2.2 for fast neutrons, thus # must be 1/(2.2) = 0.45, which says that
as many as 45% of the neutrons must remain in the sphere, while no more
than 55% escape through its boundary.

Let us now examine more closely ., the non-leakage factor, coming
from the process of neutron loss through the surface of a reactor core
without reflector. Leakage is dependent on scattering collisions and on the
size and shape of the core. We would expect that the amount of neutron
leakage depends on the ratio of surface to volume, since production occurs
within the core and losses occur at the boundary. For a sphere, for example,
the volume is V = (4/3)pR® and the surface areais S=4 pR?, so theratio is
SV = 3R As it turns out from the theory of neutron diffusion, the
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parameter that actually applies is B = p/R, the square of which, B?, iscdled
the “buckling”. It is dso logicd that leakage should be larger the greater the
transport mean free path (recall Section 4.6), and the smaller the absorption
cross section (Section 4.3). Thisis indeed the case, involving the use of the
diffusion length, L=./D/Sa as used in Section 4.6. The ron-leakage factor
for one neutron energy group in a bare reactor is thus

Z =11+B* LY.

Bucklings for three important shapes are as listed.

sphere, radius R: B® = (p/R)?,

pardllelepiped, L, W, H: B” = (p/L)* + (p/W)? + (p/H)?,

oylinder, H, R B = (p/H)* + (jo/R)?, where j, = 2.40483.
Critical conditions for more complex Stuations including mixtures of fuels
can be analyzed by use of program CRITICAL, discussed in Computer
Exercise 11A.

The effect of flux variation with postion is illustrated by Computer
Exercise 11.B, deding with the program MPDQ92.

The presence of large amounts of neutron-moderating material such as
water in a reactor greatly changes the neutron distribution in energy. Fast
neutrons dow down by means of collisons with light nucle, with the result



132 Neutron Chain Reactions

that most of the fissons are produced by low-energy (thermal) neutrons.
Such a system is caled a “therma” reactor in contrast with a system
without moderator, a “fast” reactor, operating principally with fast neutrons.
The cross sections for the two energy ranges are widely different, as noted
in Exercise 11.4. Also, the neutrons are subject to being removed from the
multiplication cycle during the dowing process by strong resonance
absorption in elements such as U-238. Findly, there is competition for the
neutrons between fuel, coolant, structurd materials, fisson products, and
control absorbers.

Scatiering

Nonleakage
probability, £

Capture Fission

Mew fast newirons

FiG. 1.3 Neutron cycle in metal assembly.

The description of the multiplication cycle for a therma reactor is
somewhat more complicated than that for a fast metal assembly, as seenin
Fig. 11.4. The set of reactor parameters are (a) the fast fission factor e,
representing the immediate multiplication because of fisson at high neutron
energy, mainly in U-238; (b) the fast nonleakage probability £, being the
fraction remaining in the core during neutron dowing; (c) the resonance
escape probability p, the fraction of neutrons not captured during dowing;
(d) the therma nonleakage probability . , the fraction of neutrons
remaining in the core during diffusion a thermal energy; (€) the thermal
utilizetion f, the fraction of therma neutrons absorbed in fud; and (f) the
reproduction factor h, as the number of new fission neutrons per absorption
in fuel. At the end of the cycle starting with one fission neutron, the number
of fast neutrons produced is seen to be e pfh £ £ ,which may be also
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Fig. 11,4 MNeutron cycle in thermal reactor,
labeled Kk, the effective multiplication factor. It is convenient to group four
of the factors to form ky = e pfh, the so-cdled “infinite multiplication
factor” which would be identical to k if the medium were infinite in extent,
without leakage. If we form a composite nonleakage probability £ =2 £+
then we may write
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k= k¥ Z

For areactor to be critical, k must equd 1, as before.

To provide some appreciation of the sizes of various factors, let us
calculate the values of the composite quantities for a thermal reactor, for
whiche=1.03, p=0.71, Z; =097, Z,=099, f =0.79,and h = 1.8. Now
ky = (1.03) (0.71) (1.8) (0.79) = 1.04, Z= (0.97) (0.99) = 0.96, and k =
(1.04) (0.96) = 1.00. For this example, the various parameters yield a
critical system. In Section 11.4 we shall describe the physical construction
of typical thermal reactors.

11.3 Neutron Flux and Reactor Power

The power developed by a reactor is a quantity of great interest for
practical reasons. Power is related to the neutron population, and also to the
mass of fissle material present. First, let us look at a typica cubic
centimeter of the reactor, containing N fuel nucle, each with cross section
for fisson sy at the typical neutron energy of the reactor, corresponding to
neutron speed u. Suppose that there are n neutronsin the volume. The rate
a which the fission reaction occursis thus R = nuNs; fissions per second. If
each fission produces an energy w, then the power per unit volumeisp = w
R:.. For the whole reactor, of volume V, the rate of production of thermal
energy is P = pV. If we have an average flux f =nu and atotal number of
fuel atoms Ny = NV, the total reactor power is seento be

P=1‘_NT5f W.

Thus we see that the power is dependent on the product of the number of
neutrons and the number of fuel atoms. A high flux is required if the reactor
contains a small amount of fuel, and conversely. All other things equd, a
reactor with a high fission cross section can produce a required power with
lessfuel than one with small s . Werecall that s ; decreaseswith increasing
neutron energy. Thus for given power P, a fast reactor, operating with
neutron energies principaly in the vicinity of 1 MeV, requires ether a
much larger flux or a larger fissle fuel mass than does the thermal reactor,
with neutrons of energy lessthan 0.1 eV.

The power developed by most familiar devices is closdly related to fue
consumption. For example, a large car generdly has a higher gasoline
consumption rate than a small car, and more gasoline is used in operation at
high speed than at low speed. In areactor, it is necessary to add fuel very
infrequently because of the very large energy yied per pound, and the fuel
content remains essentially constant. From the formula relating power, flux,
and fuel, we see that the power can be readily raised or lowered by
changing the flux. By manipulation of control rods, the neutron population
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isalowed to increase or decrease to the proper level.

Power reactors used to generate electricity produce about 3000
megawatts of therma power (MWt), and with an efficiency of around 1/3,
give 1000 MW of electrica power (MWe).

11.4 Reactor Types

Although the only requirement for a neutron chain reaction is a
sufficient amount of a fissile element, many combinations of materials and
arrangements can be used to construct an operable nuclear reactor. Several
different types or concepts have been devised and tested over the period
since 1942, when the first reactor started operation, just as various kinds of
engines have been used steam, internal combustion, reciprocating, rotary,
j€t, etc. Experience with individual reactor concepts has led to the selection
of a few that ae most suitable, using criteria such as economy, reliability,
and ability to meet performance demands.

In this Section we shdl identify these important reactor features,
compare several concepts, and then focus attention on the components of
one specific power reactor type. We shall then examine the processes of
fuel consumption and control in a power reactor.

A genera classification scheme for reactors has evolved that is related to
the distinguishing features of the reactor types. These features are listed
below.

(a) Purpose

The majority of reactors in operation or under congtruction have as
purpose the generation of large blocks of commercia electric power. Others
serve training or radiation research needs, and many provide propulsion
power for submarines. Available aso are tested reactors for commercial
surface ships and for spacecraft. At various stages of development of a new
concept, such as the breeder reactor, there will be constructed both a
prototype reactor, one which tests feasibility, and ademonstration reactor,
one that evaluates commercia possibilities.

(b) Neutron Energy

A fast reactor is one in which most of the neutrons are in the energy
range 0.1-1 MeV, below but near the energy of neutrons released in fission.
The neutrons remain at high energy because there is relatively little materia
present to cause them to sow down. In contrast, the thermal reactor
contains a good neutron moderating materia, and the bulk of the neutrons
have energy lessthan 0.1 eV.
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(c) Moderator and Coolant

In some reactors, one substance serves two functions- to assist in neutron
dowing and to remove the fisson heat. Others involve one materia for
moderator and another for coolant. The most frequently used materials are
listed below:

Moderators Coolants
light water light water
heavy water carbon dioxide
graphite helium
beryllium liquid sodium

The condition of the coolant serves as a further identification. The
pressurized water reactor provides high-temperature water to a heat
exchanger that generates steam, while the boiling water reactor supplies
steam directly.

(d) Fuel

Uranium with U-235 content varying from natural uranium (@.7%) to
dightly enriched (@%) to highly enriched (@0%) is employed in various
reactors, with the enrichment depending upon what other absorbing
materials are present. The fissile isotopes % Puand %% U are produced and
consumed in reactors containing significant amounts of U-238 or Th-232.
Plutonium serves as fuel for fast breeder reactors and can be recycled as
fuel for therma reactors. The fuel may have various physica forms-a
metal, or an dloy with a metal such as auminum, or a compound such as
the oxide UO, or carbide UC.

(e) Arrangement

In most modern reactors, the fud is isolated from the coolant in what is
caled a heterogeneous arrangement. The alternative is a homogeneous
mixture of fuel and moderator or fue and moderator-coolant.

(f) Structural Materials

The functions of support, retention of fisson products, and heat
conduction are provided by various metas. The man examples are
auminum, stainless stedl, and zircaloy, an dloy of zirconium.

By placing emphasis on one or more of the above features of reactors,
reactor concepts are identified. Some of the more widely used or promising
power reactor types are the following:

PWR (pressurized water reactor), a thermal reactor with light water at
high pressure (2200 psi) and temperature (600°F) serving as moderator-
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coolant, and a heterogeneous arrangement of dightly enriched uranium fud.

BWR (boiling water reactor), similar to the PWR except that the
pressure and temperature are lower (1000 ps and 550°F).

HTGR (high temperature gas-cooled reactor), using graphite moderator,
highly enriched uranium with thorium, and helium coolant (1430°F and 600
ps).

CANDU (Canadian deuterium uranium) using heavy water moderator
and natural uranium fud that can be loaded and discharged during
operation.

LMFBR (liquid metal fast breeder reactor), with no moderator, liquid
sodium coolant, and plutonium fuel, surrounded by natural or depleted
uranium.

Table 11.1 amplifies on the principa features of the above five main
power reactor concepts. A description of the RBMK, exemplified by the
ill-fated Chernobyl-4 reactor, appears in Section 19.6. Other reactors
include the Magnox and AGR of the U. K. and severa concepts that were
tested but abandoned (see encyclopedia article in References).

The large-scale reactors used for the production of thermal energy that is
converted to electrical energy are much more complex than the fast
assembly described in Section 11.1. To illustrate, we can identify the
components and their functions in a modern pressurized water reactor.
Figure 11.5 gives some indication of the sizes of the various parts. To gain
some appreciation of the physical arrangement of fuel in power reactors, try
out the graphics programs in Computer Exercises 11.E (ASSEMBLY) and
11.F (BWRASEM).

TaBLE1l1l.1
Power Reactor Materials
Pressurized  Boailing Natural U Hightemp.  Liquid meta
water water heavy water  gas-cooled fast breeder
(PWR) (BWR) (CANDU) (HTGR) (LMFBR)
Fuel form uo, uo, uo, UC, ThC, PuO,, UO,
Enrichment 3% U-235 2.5% 0.7% U-235 93%U-235 15wt. %
U-235 Pu-239
Moderator ~ water water heavy water  graphite none
Coolant water water heavy water  hdium gas liquid
sodium
Cladding zircaloy zircaloy zircaloy graphite stainless
Steel
Control B,Cor Ag B,C crosses  moderator B,C rods tantalum or
In-Cd rods leve B4C rods
Vessd steel steel steel prestressed  steel
concrete

The fresh fuel ingtalled in a typicd PWR consists of cylindrical pellets
of dightly enriched (3% U-235) uranium oxide (UO,) of diameter about 3/8
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Fic. 11.5 Reactor construction.

in. (~ 1 cm) and length about 0.6 in. (~ 1.5 cm). A zircaloy tube of wall
thickness 0.025 in. (~ 0.6 mm) is filled with the pdllets to an “active length”
of 12 ft (365 cm) and sedled to form a fuel rod (or pin). The meta tube
serves to provide support for the column of pellets, to provide cladding that
retains radioactive fisson products, and to protect the fuel from interaction
with the coolant. About 200 of the fuel pins are grouped in abundle caled a
fuel element of about 8 in. (~ 20 cm) on a side, and about 180 elements are
assembled in an approximately cylindrical array to form the reactor core.
This structure is mounted on supports in a steel pressure vessel of outside
diameter about 16 ft (~ 5 m), height 40 ft (~ 12 m) and wallsup to 12 in. (~
30 cm) thick. Control rods, conssting of an aloy of cadmium, slver, and
indium, provide the ability to change the amount of neutron absorption. The
rods are inserted in some vacant fuel pin spaces and magnetically connected
to drive mechanisms. On interruption of magnet current, the rods enter the
core through the force of gravity. The pressure vessd is filled with light
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water, which serves as neutron moderator, as coolant to remove fission heet,
and as reflector, the layer of materiad surrounding the core that helps
prevent neutron escape. The water also contains in solution the compound
boric acid, H;BO;, which strongly absorbs neutrons in proportion to the
number of boron atoms and thus inhibits neutron multiplication, i.e,
“poisons’ the reactor. The term soluble poison is often used to identify this
materia, the concentration of which can be adjusted during reactor
operation. To keep the reactor critical as fuel is consumed, the boron
content is gradualy reduced. A shield of concrete surrounds the pressure
vessel and other equipment to provide protection againgt neutrons and
gamma rays from the nuclear reactions. The shield also serves as an
additional barrier to the release of radioactive materials.

We have mentioned only the main components, which digtinguish a
nuclear reactor from other heat sources such as one burning coal. An actual
system is much more complex than described above. It contains equipment
such as spacers to hold the many fuel rods apart; core support structures,
baffles to direct coolant flow effectively; guides, seals, and motors for the
control rods;, guide tubes and electrica leads for neutron-detecting
instruments, brought through the bottom of the pressure vessel and up into
certain fuel assemblies; and bolts to hold down the vessal head and maintain
the high operating pressure.

The power reactor is designed to withstand the effects of high
temperature, eroson by moving coolant, and nuclear radiation. The
materials of construction are chosen for their favorable properties.
Fabrication, testing, and operation are governed by strict procedures.

11.5 Reactor Operation

The generation of energy from nuclear fuels is unique in that a rather
large amount of fuel must be present a al times for the chain reaction to
continue. In contrast, an automobile will operate even though its gasoline
tank is practicaly empty. There is a subtle relationship between reactor fuel
and other quantities such as consumption, power, neutron flux, criticality,
and control.

The first and most important consideration is the energy production,
which is directly related to fuel consumption. Let us smplify the situation
by assuming that the only fuel consumed is U235, and that the reactor
operates continuousy and steadily at a definite power level. Since each
atom “burned,” i.e, converted into either U-236 or fisson products by
neutron absorption, has an accompanying energy release, we can find the
amount of fuel that must be consumed in a given period.

Let us examine the fuel usage in asmplified PWR that uses 20 w/o fuel
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and operates at 100 MWe or 300 MWH, as in atest reactor or a propulsion
reactor. The initia fud loading into a single zone is 1000 kg U. We apply
the rule of thumb that 1.3 grams of U-235 are consumed for each megawatt-
day of therma energy, assuming that al fissons are due to U-235. In one
year, the amount of U-235 consumed is

(300 MW1) (1.3 g/MWit-day) (365 days) = 1.42 " 10° g,

or 142 kg. We see that a great deal of the original 200 kg of U-235 has been
consumed, with a fina enrichment of 5.8 w/o. If we cary out the
caculations as in Section 9.2, the fud cost excluding fabrication and
transport is $4.28 million. The electricity produced is

(10° kW) (8760 hiy) =8.76  10° kWh,

making the unit cost of fuel ($4.28 ~ 10°)/(8.76 = 10%) = $0.0049 or about
haf a mill per kWh. In Chapter 19 we shadl andyze fue cyclesin a large
power reactor which has severa zones with different enrichments and shuts
down periodically to remove, rearrange, and ingtal fud.

Let us continue studying the operating features of our smal PWR. Since
no fuel is added during the operating cycle of the order of a year, the
amount to be burned must be ingaled at the beginning. First, the amount of
uranium needed to achieve criticality is loaded into the reactor. If then the
“excess’ is added, it is clear that the reactor would be supercritical unless
some compensating action were taken. In the PWR, the excess fue
reactivity is reduced by the inclusion of control rods and boron solution.

The reactor is brought to full power and operating temperature and
pressure by means of rod position adjustments. Then, as the reactor operates
and fuel begins to burn out, the concentration of boron is reduced. By the
end of the cycle, the extra fud is gone, dl of the available control
absorption has been removed, and the reactor is shut down for refueling.
The trends in fuel and boron are shown in Fig. 11.6, neglecting the effects
of certain fisson product absorption and plutonium production. The graph
represents a case in which the power is kept constant. The fuel content thus
linearly decreases with time. Such operation characterizes a reactor that
provides a “base load” in an electrical generating system that aso includes
fossil fuel plants and hydroelectric stations.

The power level in a reactor was shown in Section 11.3 to be
proportiona to neutron flux. However, in a reactor that experiences fuel
consumption the flux must increase in time, since the power is proportiona
also to the fuel content.

The amount of control absorber required at the beginning of the cycle is
proportiona to the amount of excess fuel added to permit burnup for power
production. For example, if the fuel is expected to go from 3% to 1.5% U-
235, an nitid boron atom number density in the moderator is about 1.0 ~
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Fic. 11.6  Reactor control during fuel consumption in power reactor

10* (in units of 10°%). For comparison, the number of water molecules per
cubic centimeter is 0.0334. The boron content is usualy expressed in parts
per million (i.e., micrograms of an additive per gram of diluent). For our
example, using 10.8 and 18.0 as the molecular weights of boron and water,
there are 10°(10™) (10.8)/(0.0334)(18.0) = 1800 ppm.

The description of the reactor process just completed is somewhat
idedlized. Several other phenomena must be accounted for in design and
operation.

If a reactor is fueled with natural uranium or dightly enriched uranium,
the generation of plutonium tends to extend the cycle time. The fissile Pu-
239 helps maintain criticdity and provides part of the power. Smal
amounts of higher plutonium isotopes are aso formed: Pu-240, fissle Pu-
241 (14.4 year hdf-life), and Pu-242. These isotopes and those of elements
farther up the periodic table are called transuranic materials or actinides.
They are important as fuels, poisons, or nuclear wastes. (See Ex. 11.14).

Neutron absorption in the fisson products has an effect on control
requirements. The most important of these is a radioactive isotope of xenon,
Xe-135, which has a cross section at 0.0253 eV of 2.65 million barns. Its
yidd in fisson is high, y = 0.06, meaning that for each fisson, one obtains
6% as many atoms of Xe-135. In steady operation at high neutron flux, its
rate of production is equal to its consumption by neutron absorption. Hence

NxSax = NeStey.
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Using the ratio sy/s, for U-235 of 0.86, we see that the absorption rate of
Xe-135 is (0.86)(0.06) = 0.05 times that of the fud itself. This factor is
about 0.04 if the radioactive decay (t4 = 9.10 hr) of xenon-135 isincluded
(see Exercise 11.8). The time dependent variation of neutron absorption in
xenon-135 is the subject of Computer Exercise 11.C, which describes the
program XETR.

It might appear from Fig. 11.6 that the reactor cycle could be increased
to as long a time as desired merely by adding more U-235 at the beginning.
There are limits to such additions, however. Firgt, the more the excess fuel
that is added, the greater must be the control by rods or soluble poison.
Second, radiation and therma effects on fud and cladding materials
increase with life. The amount of alowable total energy extracted from the
uranium, including al fissonable isotopes, is expressed as the number of
megawatt-days per metric ton (MWd/tonne).+ We can calculate its value for
one year's operation of a 3000 MWt power reactor with initial U-235 fuel
loading of 2800 kg; with an enrichment of 0.03, the uranium content was
2800/0.03 = 93,000 kg or 93 tonnes. Using the energy yied of (3000
MW)(365 days) @1,100,000 MWd, we find 12,000 MWd/tonne. Taking
account of plutonium and the management of fuel in the core, a typica
average exposure is actualy 30,000 MWd/tonne. It is desirable to seek
larger values of this quantity, in order to prolong the cycle and thus
minimize the costs of fuel, reprocessing, and fabrication.

11.6 The Natural Reactor

Until the 1970s, it had been assumed that the first nuclear reactor was
put into operation by Enrico Fermi and his associates in 1942. It appesars,
however, that a natural chain reaction involving neutrons and uranium took
place in the African state of Gabon, near Oklo, some 2 billion years ago
(see References). At that time, the isotope concentration of U-235 in natural
uranium was higher than it is now because of the differences in half-lives
U-235, 7.04 ~ 10° years; U-238, 446 ~ 10’ years. The water content in a
rich vein of ore was sufficient to moderate neutrons to thermal energy. It is
believed that this “reactor” operated off and on for thousands of years at
power levels of the order of kilowatts. The discovery of the Oklo
phenomenon resulted from the observations of an unusudly low U-235
abundance in the mined uranium. The effect was confirmed by the presence
of fission products.

11.7 Summary
A «df-sugtaining chain reaction involving neutrons and fission is

T The metric ton (tonne) is 1000 kg.
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possible if a criticd mass of fud is accumulated. The vaue of the
multiplication factor k indicates whether a reactor is subcritical (<1), critica
(= 1), or supercritical (>1). The reactor power, which is proportiona to the
product of flux and the number of fuel atoms, is readily adjustable. A
thermal reactor contains a moderator and operates on slowed neutrons.
Reactors are classified according to purpose, neutron energy, moderator and
coolant, fuel, arrangement, and structural material. Principal types are the
pressurized water reactor, the boiling water reactor, the high-temperature
gas-cooled reactor, and the liquid metal fast breeder reactor. Excess fuel is
added to a reactor initidly to take care of burning during the operating
cycle, with adjustable control absorbers maintaining criticality. Account
must be taken of fisson product absorbers such as Xe-135 and of
limitations related to therma and radiation effects. About 2 billion years
ago, deposits of uranium in Africa had a high enough concentration of U-
235 to become natural chain reactors.

11.8 Exercises

11.1. Cdlculate the reproduction factor h for fast neutrons, using sy = 1.40, s,= 1.65, and n =
2.60 (ANL-5800, p.581).

11.2. If the power developed by the Godiva-type reactor of mass 50 kg is 100 watts, what is
the average flux? Note that the energy of fissonisw=3.04" 10 W-s,

11.3. Find the multiplication factors ky and k for athermal reactor with e= 1.05 p = 0.75,
Z;=0.90, Z,=0.98, f=0.85, and h = 1.75. Evaluate the reactivity r .

11.4. The value of the reproduction factor h in uranium containing both U-235 (1) and U-
238 (2), isgiven by

h= NiS 14n3 + NS (o0,

le al + st a2

Calculate h for three reactors (a) thermal, using 3% U-235, Ny/N, = 0.0315; (b) fast, using
the same fuel; (c) fast, using pure U-235. Comment on the results. Note values of constants:

Thermal Fast
Sn 586 1.40
Sa 681 1.65
Sk 0 0.095
Sa 2.70 0.255
n 2.42 2.60
n, 0 2.60

11.5. By means of the formula and thermal neutron numbers from Exercise 11.4, find h, the
number of neutrons per absorption in fuel, for uranium oxide in which the U-235 @om
fraction is 0.2, regarded as a practical lower limit for nuclear weapons material. Would the
fuel be suitable for aresearch reactor?

11.6. How many individual fuel pellets are there in the PWR reactor described in the text?
Assuming a density of uranium oxide of 10 g/cm®, estimate the total mass of uranium and U-
235in the corein kilograms. What istheinitia fuel cost?

11.7. The core of a PWR contains 180 fuel assemblies of length 4 m, width 0.2 m. (a) Find
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the core volume and radius of equivaent cylinder. (b) If there are 200 fuel rods per assembly
with pellets of diameter 0.9 cm, what is the approximate UO, volume fraction of the core?

11.8. (8) Taking account of Xe-135 production, absorption, and decay, show that the balance
equation is

Nx(fsax +1 ) =fNgs ey.

(b) Calculate| ,and the ratio of absorption ratesin Xe-135 and fuel if f is2 " 10 cm®-
-1
s
11.9. The initial concentration of boron in a 10,000 ft2 reactor coolant system is 1500 ppm,
(the number of micrograms of additive per gram of diluent). What volume of solution of
concentration 8000 ppm should be added to achieve a new value of 1600 ppm?

11.10. An adjustment of boron content from 1500 to 1400 ppm is made in the reactor
described in Exercise 11.9. Pure water is pumped in and then mixed coolant and poison are
pumped out in two separate steps. For how long should the 500 ft%/min pump operatein each
of the operations?

11.11. Find the ratio of weight percentages of U-235 and U-238 at a time 1.9 hillion years
ago, assuming the present 0.711/99.3.

11.12. Constants for a spherical fast uranium-235 meta assembly are: diffusion coefficient D
= 1.02 cm; macroscopic absorption cross section S, = 0.0795 cm'?; effective radius R = 10
cm. Calculate the diffusion length L, the buckling B?, and the non-leskage factor 2.

11.13. The neutron flux in a reactor varies with position. In a simple core such as a bare
uranium metal sphere of radius R, it varies as f = f (sin X)/x, where x = pr/R. At the center
of the sphere the flux is f .. Caculate and plot the flux distribution for a core with radius 10
cmand central flux 5 10*/cm?s.

11.14. A reactor is loaded with 90,000 kg of U at 3 w/o U-235. It operates for ayear at 75%
of its rated 3000 MWt capacity. (a) Apply the rule of thumb 1.3 g/MW-day to find the
consumption of U-235. What is the final enrichment of the fuel? (b) If instead one-third of
the energy came from plutonium, what would the final U-235 enrichment be? Note thermal
cross sections, all in barns: U-235s; =586, s, = 95; Pu-239 s¢ =752, s. = 270.

Computer Exercises

11.A. The evaluation of critical conditions for a variety of spherical metal assemblies can be
made using the BASIC program CRITICAL. It uses a one neutron group model with cross
sections deduced from early critical experiments related to weapons. CRITICAL can handle
any combination of uranium and plutonium. Run the program, choosing U enrichment and
Pu content. Suggested configurations:

() pure U-235.

(b) Godiva (93.9% U-235, experimental U-235 mass 48.8 kg).

(c) Jezebel (pure plutonium, experimental mass 16.28 kg).

(d) natural U (0.0072 atom fraction U-235, should not be possible to be made critical).

(e) depleted U (0.003 atom fraction U-235).

(f) elementary breeder reactor (Pu-239 volume 10%, depleted U).

11.B. A miniature version of a classic computer code PDQ is called MPDQ92. It finds the
amount of critical control absorber in a core of the form of an unreflected slab, by solution of
difference equations.
(a) Load the program and study the listing.

(b) Run the program and study the displays, then compare the results of choosing a
linear or sinetrial fast flux function.

(c) Using the constants given in Ex. 11.1, modify the program to calculate the critical
control for ameta assembly as a slab of width 5 cm.
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11.C. The amount of xenon in a reactor varies with time, especially when large changes in
neutron flux occur, as at startup or shutdown. Lotus 1-2-3 program XETR (Xenon Transient)
solves differential equations for the content of lodine-135 and Xenon-135.

(a) Load the program and examine the input constants and conditions. Study the trend in
the output as the reactivity r (see Section 11.2) vs. time.

(b) Use the concentrations of 1-135 and Xe-135 calculated for long times after start up as
initial concentrations, and set the flux equal to zero, to simulate a sudden shutdown of the
reactor. Note and discuss the trend in xenon with time.

11.D. Competition among three neutron processes¥a scattering, absorption, and leskage¥zis
illustrated by the program SLOWINGS. It simulates the release of a series of neutrons at the
center of a carbon sphere, and using slowing theory and random numbers, finds the number
of neutrons absorbed and escaping.

(a) Run the program severd times to note statistical variations.

(b) Increase the absorption cross section by afactor of 200 asif considerable boron were
added to the sphere, and note the effect.

11.E. The BASIC program ASSEMBLY displays a pressurized water reactor fuel assambly,
an array of 14° 14 fuel rods. Run the program.

11.F. The BASIC program BWRASEM displays four boiling water reactor fuel assemblies
with a cross-shaped control rod between them. Run the program to inspect.
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Nuclear Heat Energy

MosT OF the energy released in fission appears as kinetic energy of a few
high-speed particles. As these pass through matter, they dow down by
multiple collisons and impart therma energy to the medium. It is the
purpose of this chapter to discuss the means by which this energy is
transferred to a cooling agent and transported to devices that convert
mechanica energy into electrica energy. Methods for dealing with the
large amounts of waste heat generated will be considered.

12.1 Methods of Heat Transmission

We learned in basic science that heat, as one form of energy, is
transmitted by three methods- conduction, convection, and radiation. The
physical processes for the methods are different: In conduction, molecular
motion in a substance at a point where the temperature is high causes
motion of adjacent molecules, and a flow of energy toward a region of low
temperature takes place. The rate of flow is proportiona to the sope of the
temperature, i.e., the temperature gradient. In convection, molecules of a
cooling agent such as air or water strike a heated surface, gain energy, and
return to raise the temperature of the coolant. The rate of heat remova is
proportional to the difference between the surface temperature and that of
the surrounding medium, and aso dependent on the amount of circulation
of the coolant in the vicinity of the surface. In radiation, molecules of a
heated object emit and receive electromagnetic radiations, with a net
transfer of energy that depends on the temperatures of the body and the
adjacent regions, specifically on the difference between the temperatures
raised to the fourth power. For reactors, this mode of heat transfer is
generadly of lessimportance than are the other two.

12.2 Heat Generation and Removal

The transfer of heat by conduction in aflat plate (insulated on its edges)
isreviewed. If the plate has athickness x and cross-sectiona areaA, and the
temperature difference between its facesis DT, therate of heat flow through
the plate, Q, is given by the relation

147
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DT
Q=lAS

where K is the conductivity, with typica units Js-°C-cm. For the plate, the
slope of the temperature is the same everywhere. In amore general case, the
dope may vary with position, and the rate of heat flow per unit area Q/Ais
proportiond to the dope or gradient written as DT/Dx.

The conductivity k varies somewhat with temperature but we treat k as
congtant for the following analysis of conduction in a sngle fue rod of a
reactor (see Section 11.4). Let the rate of supply of therma energy by
fisson be uniform throughout the rod. If the rod is long in comparison with
itsradius R, or if it is composed of a stack of pellets, most of the heat flow
isin the radial direction. If the surface is maintained at a temperature T by
the flow of coolant, the center of the rod must be a some higher
temperature T,. As expected, the temperature difference is large if the rate
of heat generation per unit volume q or the rate of heat generation per unit
length g, = pRq is large. We can showt that

To- Ts= ﬁ,
and that the temperature T is in the shape of a parabola within the rod.
Figure 12.1 shows the temperature distribution.

Let us caculate the temperature difference Ty - Ts for areactor fuel rod
of radius 0.5 cm, a a point where the power density is q = 200 W/cn. This
corresponds to a linear heat rate g, = pRPq = p(0.25) (200) = 157 W/cm (or
4.8 kWIft). Letting the conductivity of UO, be k = 0.062 W/cm-°C, we find
To - Ts = 200°C (or 360°F). If we wish to keep the temperature low along
the center line of the fuedl, to avoid structura changes or melting, the
conductivity k should be high, the rod size small, or the reactor power level
low. In a typical reactor there is a small gap between the fuel pin and the
inside surface of the cladding. During operation, this gap contains gases,
which are poor heat conductors and thus there will be a rather large
temperature drop across the gap. A smaller drop will occur across the
cladding which is thin and has a high thermal conductivity.

We have so far assumed that the thermal conductivity is congtant. It
actudly varies with temperature and thus with position in the fud pin. A
more genera caculation of k is possible using the program CONDUCT
discussed in Computer Exercise 12A and the temperature distribution may

Tt The amount of energy supplied within a region of radius r must flow out across the
boundary. For a unit length of rod with volume pr? and surface area 2pr, the generation rate
is pr2g, equal to the flow rate - k(dT/dr)2pr. Integrating from r = 0, where T = T,, we have
T=To- qr/4k). At the surface T,= Ty - qRA/4k.
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be found using a program TEMPLOT in Computer Exercise 12.B.

Convective cooling depends on many factors such as the fluid speed, the
size and shape of the flow passage, and the therma properties of the
coolant, as well asthe area exposed and the temperature difference between
surface and coolant Ts - T, . Experimenta measurements yield the heat
transfer coefficient h, appearing in a working formula for the rate of heat
transfer Q across the surface S,

Q=h¥T; - To).
The units of h are typicaly W/cn?-°C. In order to keep the surface
temperature low, to avoid melting of the metal cladding of the fud or to
avoid bailing if the coolant is a liquid, a large surface area is needed or the
heat transfer coefficient must be large, a low-viscosity coolant of good
thermal conductivity is required, and the flow speed must be high.

As coolant flows dong the many channels surrounding fuel pins in a
reactor, it absorbs thermal energy and rises in temperature. Since it is the
reactor power that is being extracted, we may apply the principle of
conservation of energy. If the coolant of specific heat ¢ enters the reactor at
temperature T, (in) and leaves at T, (out), with a mass flow rate M, then the
reactor thermal power P is

P = cM[T(out) — T,(in)] = cMDT.

For example, let us find the amount of circulating water flow to cool a
reactor that produces 3000 MW of thermal power. Let the water enter at
300°C (572°F) and leave a 325°C (617°F). Assume that the water is at
2000 psi and 600°F. At these conditions the specific heat is 6.06 ~ 10° Jkg-
°C and the specific gravity is 0.687. Thus the mass flow rateis

M = P/(cDT) = (3000 ~ 10°)/[(6.06 ~ 10°)(25)]
= 19,800 kg/s.



150 Nuclear Heat Energy

This corresponds to a volume flow rate of
V= (19,800 kg/s)/(687 kg/nT)=28.8 nT'/s,

which is aso 1,730,000 liters per minute. To appreciate the magnitude of
this flow, we can compare it with that from a garden hose of 40 liters/min.
The water for cooling a reactor is not wasted, of course, because it is
circulated in a closed loop.

The temperature of coolant as it moves along any channel of the reactor
can aso be found by application of the above relation. In general, the power
produced per unit length of fuel rod varies with postion in the reactor
because of the variation in neutron flux shape. For a specia case of a
uniform power along the zaxis with origin at the bottom asin Fig. 12.2 (a),
the power per unit length is P, = P/H, where H isthelength of fudl rod. The
temperature rise of coolant at z with channel mass flow rate M is then

T(2)=Tifin) +22,
which shows that the temperature increases with distance along the channel
asshown in Fig. 12.2 (b). The temperature difference between coolant and
fuel surface is the same at al points along the channel for this power
distribution, and the temperature difference between the fuel center and fuel
surface is aso uniform. We can plot these as in Fig. 12.2 (c). The highest
temperatures in this case are at the end of the reactor.

If instead, the axia power were shaped as a sine function, see Fig. 12.3
(8 with P ~ dn(pz/H), the application of the relations for conduction and

P
OWET [l.}
Fuel center
temperature 2y (e)
Surface )

temperature

Coolant
temperature

] H
Z, distance from coolant inlet

Fic. 122 Temperature distributions aleng axis of reactor with uniform power
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convection yields temperature curves as sketched in Fig. 12.3 (b). For this
case, the highest temperatures of fuel surface and fuel center occur between
the halfway point and the end of the reactor. In the design of a reactor, a
great dedl of attention is given to the determination of which channels have
the highest coolant temperature and at which points on the fuel pins “hot
spots’ occur. Ultimately, the power of the reactor is limited by conditions at
these channels and points. The mechanism of heat transfer from metal
surfaces to water is quite sensitive to the temperature difference. As the
latter increases, ordinary convection gives way to nucleate boiling, inwhich
bubbles form at points on the surface, and eventually film boiling can occur,
in which a blanket of vapor reduces heat transfer and permits hazardous
melting. A parameter called “departure from nucleate boiling ratio”
(DNBR) is used to indicate how close the hesat flux is to the critical value.
For example, a DNBR of 1.3 implies a safety margin of 30%. Figure 12.4
indicates maximum temperature vaues for atypica PWR reactor.

To achieve a water temperature of 600°F (about 315°C) requires that a
very high pressure be applied to the water coolant-moderator. Figure 12.5
shows the behavior of water in the liquid and vapor phases. The curve that
separates the two-phase regions describes what are called saturated
conditions. Suppose that the pressure vessel of the reactor contains water at
2000 ps and 600°F and the temperature is raised to 650°F. The result will
be considerable steam formation (flashing) within the liquid. The two-phase
condition could lead to inadequate cooling of the reactor fuel. If instead the
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pressure were alowed to drop, say to 1200 pd, the vapor region is again
entered and flashing would occur. However, it should be noted that
deliberate two-phase flow conditions are used in boiling water reactors,
providing efficient and safe cooling.

12.3 Steam Generation and Electrical Power Production

Therma energy in the circulating reactor coolant is transferred to a
working fluid such as steam, by means of a heat exchanger or steam
generator. In simplest construction, this device congsts of a vessel partly
filled with water, through which many tubes containing heated water from
the reactor pass, as in Fig. 12.6. At a number of nuclear plants the steam
generator has failed prematurely because of corrosion that created holes in
tubes, requiring plugging or repair. In some cases replacement of the steam
generator was required, with corresponding outage, cost, and loss of
revenue. Details on the problem appear in an NRC Technical 1ssue Paper
(see References). Steam from the generator flows to a turbine, while the
water returns to the reactor. The conversion of thermal energy of steam into
mechanical energy of rotation of a turbine and then to electrica energy
from a generator is achieved by conventional means. Steam at high pressure
and temperature strikes the blades of the turbine, which drives the
generator. The exhaust steam is passed through a heat exchanger that serves
as condenser, and the condensate is returned to the steam generator as feed
water. Cooling weter for the condenser is pumped from a nearby body of
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water or cooling tower, as discussed in Section 12.4.

Figures 12.7 and 12.8 show the flow diagrams for the reactor systems of
the PWR and BWR type. In the PWR, a pressurizer maintains the pressure
in the system at the desired vaue. It uses a combination of immersion
electric heaters and a water spray system to control the pressure. Figure
12.9 shows the Diablo Canyon nuclear power plant operated by Pacific Gas
& Electric Co. a Avila Beach, Cdifornia. The two Westinghouse PWR
reactors were put into operation in 1985 and 1986.

12.4 Waste Heat Rejection

The generation of eectric power by consumption of any fud is
accompanied by the release of large amounts of waste heat. For any
conversion process the therma efficiency, e, the ratio of work done to
thermal energy supplied, is limited by the temperatures at which the system
operates. According to the second law of thermodynamics, an ided cycle
has the highest efficiency value,

e =1-T/T,,
where T, and T, are the lowest and highest absolute temperatures (Kelvin,
°C+273; Rankine, °F+460). For example, if the steam generator produces
steam at 300°C and cooling water for the condenser comes from a source at
20°C, we find the maximum efficiency of
e=1-293/573 = 0.49.

The overal efficiency of the plant is lower than this because of heat lossin
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piping, pumps, and other equipment. The efficiency of a typica nuclear
power plant is only around 0.33. Thus twice as much energy is wasted asis
converted into useful electrica energy. Fossil fuel plants can operate at
higher steam temperatures, giving overal efficiencies of around 0.40.

A nuclear plant operating at electrica power 1000 MWe would have a
thermal power of 1000/0.33 = 3030 MWt and must reject a waste power of
P= 2030 MWt. We can calculate the condenser cooling water mass flow
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rate M required to limit the temperature rise to atypica figure of DT = 12°C
using a specific heat of c =4.18~ 10° Jkg-°C,
M = P = 20,3' 1(? =405 107 kg/S
cDT (418" 10°)(12)

This corresponds to a flow of 925 million gdlons per day. Smaller power
plantsin past years were able to use the “run of theriver,” i.e., to take water
from a stream, pass it through the condenser, and discharge heated water
down stream. Stream flows of the order of a billion gallons a day are rare,
and the larger power plants must dissipate heat by utilizing a large lake or
cooling towers. Either method involves some environmenta effects.
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If alakeis used, the temperature of the water at the discharge point may
be too hgh for certain organisms. It is common knowledge, however, that
fishing is especialy good where the heated water emerges. Means by which
heat is removed from the surface of a lake are evaporation, radiation, and
convection due to air currents. Regulations of the Environmental Protection
Agency limit the rise in temperature in bodies of water. Clearly, the larger
the lake and the wider the dispersal of heated water, the easier it is to meet
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requirements. When the therma discharge goes into a lake, the ecdogica
effects are frequently called “thermal pollution,” especialy when plants and
animals are damaged by the high temperatures. Other effects are the deaths
of aquatic animals by striking screens, or passing through the system, or
being poisoned by chemicas used to control the growth of undesirable
algee.

Fi, 12,9 A puclear power plant, [hablo Canvon, operated by Pacific Gas & Electric Co,
oi the coast of Califomia (Courtesy Nuclear Enerpy Institute).

Many nuclear plants have had to adopt the cooling tower for disposa of
waste heat into the atmosphere. In fact, the hyperboloid shape (see Fig.
12.10) is so common that many people mistake it for the reactor. A cooling
tower is basicaly alarge heat exchanger with air flow provided by natura
convection or by blowers. In a“wet” type, the surface is kept saturated with
moisture, and evaporation provides cooling. Water demands by this model
may be excessive. In a“dry” type, analogous to an automobile radiator, the
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Fic. 12,10 Cooling tower (From "Thermal Pollution and Aquatic Life"
by John R. Clark, Scieniific American, March 1969).

cooling is by convection and requires more surface area and air flow. It is
therefore larger and more expensive. A hybrid wet/dry cooling tower is
used to minimize effects of vapor plumes in cold weather and to conserve
water in hot weather.

Waste heat can be viewed as a valuable resource. If it can be utilized in



158 Nuclear Heat Energy

any way it reduces the need for oil and other fuels. Some of the actua or
potentiad beneficial uses of waste heat are the following:

1. Digtrict heating. Homes, business offices, and factories of whole townsin
Europe are heated in thisway.

2. Production of fish. Warm water can be used to stimulate growth of the
food fish need.

3. Extension of plant growth season. For colder climates, use of water to
wam the soil in early Spring would alow crops to be grown for a
longer period.

4. Biologica treatment. Higher temperatures may benefit water treatment
and waste digestion.

Each of such applications has merit, but there are two problems: (a) the
need for heat is seasonal, so the systems must be capable of being bypassed
in Summer or, if buildings are involved, they must be designed to permit air
conditioning; and (b) the amount of heet is far greater than any reasonable
use that can be found. It has been said that the waste heat from electrical
plants was sufficient to heat al of the homesin the U.S. If al homes within
practical distances of power plants were so heated, there still would be a
large amount of unused waste heat.

A few reactors around the world have been designed or adapted to
produce both electrical power and useful heat for space heating or process
steam. The abbreviation CHP for combined heat and power is applied to
these systems. It can be shown (see Exercise 12.11) that if haf the turbine
steam of a reactor with thermal efficiency 1/3 is diverted to useful purposes,
the efficiency is doubled, neglecting any adjusment in operating
conditions.

A practice called cogeneration is somewhat the reverse of waste heat
utilization. A boiler used for producing steam can be connected to a turbine
to generate eectricity as well as provide process heat. Typical steam users
are refineries, chemica plants, and paper mills. In general, cogeneration is
any smultaneous production of electrical or mechanical energy and useful
thermal energy, but it is regarded as a way to save fuel. For example, an oil-
fired system uses 1 barrel (bbl) of oil to produce 750 kWh of eectricity, and
a process-steam system uses 2 bbl of ail to give 8700 |b of steam, but
congeneration requires only 2.4 bbl to provide the same products.

125 Summary

The principa modes by which fission energy is transferred in a reactor
are conduction and convection. The radial temperature distribution in a fuel
pellet is approximately parabolic. The rate of heat transfer from fuel surface
to coolant by convection is directly proportiona to the temperature
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difference. The alowed power level of a reactor is governed by the
temperatures at loca “hot spots.” Coolant flow along channels extracts
therma energy and delivers it to an external circuit consisting of a heat
exchanger (PWR), a steam turbine that drives an electrica generator, a
steam condenser, and various pumps. Large amounts of waste heat are
discharged by e€lectrical power plants because of inherent limits on
efficiency. Typicdly, a billion galons of water per day must flow through
the steam condenser to limit the temperature rise of the environment. Where
rivers and lakes are not available or adequate, waste heat is dissipated by
cooling towers, Potential beneficia uses of the waste therma energy
include space heating and stimulation of growth of fish and of plants. Some
nuclear facilities produce and distribute both steam and electricity.

12.6 Exercises

12.1. Show that the temperature varies with radia distance in a fuel pin of radius R
according to

T(r) =T+ (T, - To)i2-(r /R,

where the center and surface temperatures are Ty and T, respectively. Verify that the
formula givesthe correct resultsatr =0andr = R.

12.2. Explain the advantage of a circulating fuel reactor, in which fuel is dissolved in the
coolant. What disadvantages are there?

12.3. If the power density of a uranium oxide fuel pin, of radius 0.6 cm, is 500 W/cm®, what
isthe rate of energy transfer per centimeter across the fuel pin surface? If the temperatures of
pin surface and coolant are 300°C and 250°C, what must the heat transfer coefficient h be?

12.4. A reactor operates at thermal power of 2500 MW, with water coolant mass flow rate of
15,000 kg/s. If the coolant inlet temperature is 275°C, what is the outlet temperature?

12.5. A power reactor is operating with coolant temperature 500°F and pressure 1500 psi. A
leak develops and the pressure falls to 500 psi. How much must the coolant temperature be
reduced to avoid flashing?

12.6. The thermal efficiencies of a PWR converter reactor and a fast breeder reactor are 0.33
and 0.40, respectively. What are the amounts of waste heat for a 900 MWe reactor? What
percentage improvement is achieved by going to the breeder?

12.7. As sketched, water is drawn from a cooling pond and returned at a temperature 14°C
higher, in order to extract 1500 MW of waste heat. The heat is dissipated by water
evaporation from the pond with an absorption of 2.26 ~ 10% Jg. How many kilograms per
second of makeup water must be supplied from an adjacent river? What percentage is this of
the circulating flow to the condenser?

Reactor
Evaporation
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12.8. As arough rule of thumb, it takes 1-2 acres of cooling lake per megawatt of installed
electrical capacity. If one conservatively uses the latter figure, what is the area for a 100-
MWe plant? Assuming 35% efficiency, how much energy in joules is dissipated per square
meter per hour from the water? Note: 1 acre = 4047 m?.

12.9. How many gallons of water have to be evaporated each day to dissipate the waste
thermal power of 2030 MWt from a reactor? Note that the heat of vaporization is 539.6
cal/g, the mechanical equivaent of heat is4.18 Jcal, and 1 gal is 3785 cm?®.

12.10. Verify that about 1.6 kg of water must be evaporated to dissipate 1 kWh of energy.

12.11. A plant produces power both as useful steam Sand electricity E from an input heat Q.
Develop a formula for the overal efficiency e expressed in terms of the ordinary efficiency
e= E/Q and x, the fraction of waste heat used for steam. Show that e¢is2/3if e= /3 and x =
1/2. Find etfor e= 0.4 and x = 0.6.

Computer Exercises

12.A. If the thermal conductivity of UO, used as reactor fuel pins varies with temperature, it
can be shown that the linear heat rate q; (W/cm) is4p timestheintegral of k (W/cm-°C) with
respect to temperature T (°C). (@) Using BASIC computer program CONDUCT which
calculates the integral from 0 to T, verify that the integral is approximately 93 W/cm when T
is the melting point of UO,, 2800°C. (b) Find the linear heat rate using the maximum
temperature TM = 2800°C and surface temperature TS= 315°C.

12.B. The temperature distribution within a reactor fuel pin for variable k can be calculated
using the integrals of k over temperature (Exercise 12.A). In the BASC program
TEMPLOT, by specifying maximum allowed center temperature and the expected surface
temperature for a fuel pellet of radius RO, the linear heat rate is calculated and used to obtain
values of radius R as a function of temperature T. Test the program using typical inputs such
asR=0.5cm, TM = 2300°C and TS= 300°C, plotting the resulting temperature distribution.
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Breeder Reactors

THE MOsT important feature of the fission process is, of course, the
enormous energy release from each reaction. Another significant fact,
however, is that for each neutron absorbed in a fuel such as U-235, more
than two neutrons are released. In order to maintain the chain reaction, only
one is needed. Any extra neutrons available can thus be used to produce
other fissle materials such as Pu-239 and U-233 from the “fertile’
materials, U238 and Th-232, respectively. The nuclear reactions yieding
the new isotopes were described in Section 6.3. If losses of neutrons can be
reduced enough, the possibility exists for new fuel to be generated in
guantities as large, or even larger than the amount consumed, a condition
caled “breeding.”

In this chapter we shall (&) examine the relationship between the
reproduction factor and breeding, (b) describe the physical features of the
liquid metad fast breeder reactor, and () look into the compatibility of
uranium fuel resources and requirements.

13.1 The Concept of Breeding

The ability to convert sgnificant quantities of fertile materids into
useful fissle materids depends crucidly on the magnitude of the
reproduction factor, h, which is the number of neutrons produced per
neutron absorbed in fuel. If n neutrons are produced per fisson, and the
ratio of fisson to absorption in fud is s /s,, then the number of neutrons
per absorption is

h=—n.
Sa
The greater its excess above 2, the more likely is breeding. It is found
that both n and theratio s¢/s, increase with neutron energy and thus h is
larger for fast reactors than for thermal reactors. Table 13.1 compares
values of h for the main fissle isotopes in the two widdly differing neutron
energy ranges designated as thermal and fast. Inspection of the table shows
that it is more difficult to achieve breeding with U235 and Pu-239 in a
thermd reactor, since the 0.07 or 0.11 neutrons are very likely to be lost by

162
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absorption in structural materials, moderator and fission product poisons.

TaBLE 13.1
Values of Reproduction Factor h
Neutron energy

I sotope Thermal Fast
U-235 207 23
Pu-239 211 2.7
U-233 2.30 245

A thermal reactor using U-233 is a good prospect, but the fast reactor
using Pu-239 is the most promising candidate for breeding. Absorption of
neutrons in Pu-239 aonsists of both fission and capture, the latter resulting
in the isotope Pu- 240. If the latter captures a neutron, the fissile isotope Pu-
241 is produced.

The ability to convert fertile isotopes into fissle isotopes can be
measured by the conversion ratio (CR), which is defined as

_ fissile atoms produced
fissile atoms consumed

The fissle atoms are produced by absorption in fertile aoms; the
consumption includes fisson and capture.

We can compare vaues of CR for various systems. First is a “burner”
fueled only with U-235. With no fertile material present, CR = 0. Second is
a highly thermal reactor with negligible resonance capture, in which fuel as
natural uranium, 99.28% U-238 and 0.72%U-235, is continuoudy supplied
and consumed. Pu-239 is removed as fast as it is created. Here CR is the
ratio of absorption in U-238 and U-235, and since they experience the same
flux, CR is smply the ratio of macroscopic Cross sections, Sayzs/Sass.
Inserting the cross section ratio 2.7/681 and the atom ratio (ignoring U-234)
0.9928/0.0072, we obtain CR = 0.547. Third, we ask what conversion ratio
is needed to completely consume both U isotopes in natural U as well as the
Pu-239 produced? It is easy to show that CR is equal to the isotopic fraction
of U-238, viz., 0.9928. Fourth, we can derive a more genera relationship
from the neutron cycle of Fig. 11.4. The result for initid operation of a
critica reactor, before any Pu is produced, is

CR=S, 238 /Sa235 +has et (1-p),

where h,ss is the value for pure U-235, i.e.,, 2.07. For a natural U reactor
with £ =0.95, p=0.9. and e =1.03, wefind
CR =0.547 + 0.203 = 0.750.

It is clear that reducing fast neutron leakage and enhancing resonance
capture are fvorable to the conversion process. An dternative smple
formula, obtained by considerable manipulation asin Ex. 13.6, is

CR
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CR= h235 e-1-7

Where /is the tota amount of neutron loss by leskage and by non-fue
absorption, per absorption in U-235.

If unlimited supplies of uranium were available a very small co, there
would be no particular advantage in seeking to improve conversion ratios.
One would merely burn out the U-235 in a thermal reactor, and discard the
remaining U-238. Since the cost of uranium goes up as the accessible
reserve decline, it is desirable to use the U238 as well as the U-235.
Similarly, the exploitation of thorium reserves is worthwhile.

When the conversion ratio is larger than 1, asin afast breeder reactor, it
is instead called the breeding ratio (BR), and the breeding gain (BG) = BR
- 1 represents the extra plutonium produced per atom burned. The doubling
time (DT) is the length of time required to accumulate a mass of plutonium
equa to that in a reactor system, and thus provide fuel for a new breeder.
The smdler the inventory of plutonium in the cycle and the larger the
breeding gain, the quicker will doubling be accomplished. The technica
term “specific inventory” is introduced, as the ratio of plutonium mass in
the system to the eectrical power output. Vaues of this quantity of 2.5
kg/MWe are sought. At the same time, a very long fud exposure is
desirable, eg., 100,000 MWd/tonne, in order to reduce fud fabrication
costs. A breeding gain of 0.4 would be regarded as excellent, but a gain of
only 0.2 would be very acceptable.

13.2 Isotope Production and Consumption

The performance of a breeder reactor involves many isotopes of fertile
and fissonable materias. In addition to the U-235 and U-238, there is
short-lived neptunium-239 (2.355 d), Pu-239 (2411 ~ 10° y), Pu-240 (6537
y), Pu-241 (14.4 y), and Pu-242 (3.76 ~ 10’ y), as well as americium and
curium isotopes resulting from multiple neutron capture. The idea of a chain
of reactions is evident. To find the amount of any of these nuclides present
a agiven time, it is necessary to solve a set of connected equations, each of
the generd type

rate of change = generation rate - removal rate

which is smilar to the statement in Section 3.3 except that “removal” is
more genera than “decay” in that absorption (consumption or burnup) is
included.

We can illustrate the approach to solving the balance equations as
differentiad equations. Consider a smplified three-component system of
nuclides, using a shorthand for the full names of the isotopes: 1 = U-235, 2
= U-238, and 3 = Pu-239. Because dl of their radioactive half-lives are long
in comparison with the time of irradiation in a reactor, true decay can be
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ignored. However, it will ke convenient to draw an analogy between decay
and burnup. The equation for U-235is
dNy/dt = - f N;Say,

and if welet f s, = | 41, the equation is the same as that for decay, the
solution of which is

Nl(t) = NlOEla with El = eXp(' [ alt)-

A similar solution may be written for U-238,
Nz(t) = N20E2, with E2 = eXp(- [ azt).

The growth equation for Pu-239 is
dNg/dt =g - f N3Sa3, Whereg = NoSeo.

where only the capture in U-238 gives rise to Pu-239, not the fisson.
Assuming that there is aready some plutonium present when the fue is
loaded in the reactor, in amount Nso, the solution is

NS(t) = N30E3 + NZOI c2 (E3 - EZ)/(l 2" I 3)1

where E; = exp (- | zt). The first term on the right describes the burnup of
initid Pu239; the second term represents the net of production and
consumption. Note the similarity in form of the equations to those in
Computer Exercise 3.D related to parent-daughter radioactivity processes.

It is straightforward to caculate the numbers of nuclel, but time-
consuming and tedious if one wishes to vary parameters such the reactor
power and neutron flux level or the initia proportions of the different
nuclides. To make such caculations easier, refer to Computer Exercise
13.A, in which the programs BREED and BREEDGE are applied.

A one neutron group model is not adequate to analyze the processesin a
fast breeder reactor, where cross sections vary rapidly with energy. The
accurate calculation of multiplication requires the use of severa neutron
energy groups, with neutrons supplied to the groups by fisson and removed
by dowing and absorption. In Computer Exercise 13.B the andyss is
displayed and a simple fast reactor is computed by the program FASTR.

13.3 The Fast Breeder Reactor

Liquid metal fast breeder reactors (LMFBR) have been operated
successfully throughout the world. In the United States the Experimental
Breeder Reactor | at Idaho Falls was the first power reactor to generate
electricity, in 1951. Its successor, EBR |1, was used from 1963 to 1994 to
test equipment and materias (see References). The Fermi | reactor built
near Detroit was the firgt intended for commercial application. It was started
in 1963 but was damaged by blockage of coolant flow passages and only
operated briefly after being repaired.
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The 400 MWt Fast Flux Test Facility (FFTF) at Richland, Washington,
now shut down, did not generate eectricity but provided valuable data on
the performance of fuel, structural materials, and coolant (see References).
After a number of years of design work and construction the U.S.
government canceled the demonstration fast power reactor caled Clinch
River Breeder Reactor Project (CRBRP). There was a great deal of debate
in the U.S. before CRBRP was abandoned. One argument for stopping the
project was that increased prices of fuel, being only about one-fifth of the
cost of producing eectricity, would not cause converter reactors to st
down nor warrant switching to the newer technology except on a long-term
basis. This political decision shifted the leadership for breeder development
from the U.S. to other countries.

France took the initiative in the development of the breeder for the
production of commercia electric power, in cooperation with other
European countries. The reactor “Superphenix” was a full-scale pool-type
breeder constructed with partial backing by Italy, West Germany, the
Netherlands, and Belgium. The reactor was shut down because of sodium
lesks and is unlikely to ever be restarted, in spite of the billions of dollars
invested in the facility.

With the suspension of operation of Superphenix, the lead in breeder
reactor development again shifted, this time to Japan, which placed its 280
MWe loop-type sodium-cooled MONJU into operation in 1993. It was part
of Japan’s long-range plan to construct of a number of breeders starting
around 2020. However, in 1995 the reactor suffered a sodium leak (see
References) and was shut down, possbly permanently in light of
subsequent nuclear accidents in other facilities that raised public concerns.

The largest remaining liquid metal fast breeder reactor in the world is
the BN-600 at the Beloyarskiy plant in Russia. Supplying eectricity since
1981, it has operated more successfully than any other reactor in that
country. Some of its pertinent features are listed in Table 13.2.

The use of liquid sodium as coolant ensures that there is little neutron
moderation in the fast reactor. The element sodium melts at 208°F (98°C),
boils at 1618°F (883°C), and has excellent heat transfer properties. With
such a high meting point, pipes containing sodium must be heated
eectricdly and thermaly insulated to prevent freezing. The coolant
becomes radioactive by neutron absorption in Na-23, producing the 15-h
Na-24. Great care must be taken to prevent contact between sodium and
water or air, which would result in a serious fire, accompanied by the
spread of radioactivity. To avoid such an event, an intermediate heat
exchanger is employed, in which heat is transferred from radioactive
sodium to nonradioactive sodium.
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TABLE13.2
BN-600 liquid metal fast breeder reactor, Beloyarskiy Unit #3, Russia
From World Nuclear Industry Handbook (see References, INSC)
Electric power 560 MW
Sodium coolant temperatures 377°C,550°C

Corefued height 1.03m
Core diameter 205m
Vessd height, diameter 12.6 m, 12.86 m

Fuel (w/o U-235)

U0, (17, 21, 26)

Pin o.d. 6.9 mm
Cladding stainless steel
Clad thickness 0.4 mm

Pin pitch (triangular) 9.82 mm
Pins per assembly 127

Number of assemblies 369

Number of B,C rods 27

Average power density 413 kWt/I
Cyclelength 5 months

Two physical arrangements of the reactor core, pumps, and heat
exchanger are possible, shown schematicaly in Figs. 13.1 and 13.2. The
“loop” type is sSmilar to the therma reactor system, while in the “pot” type
dl of the components are immersed in a pool of liquid Na. There are
advantages and disadvantages to each concept, but both are practical.

In order to obtain maximum breeding ratios in the production of new
fertile material, more than one fuel zone is needed. The neutron multiplying
core of the breeder reactor is composed of mixed oxide (MOX) fud as a
mixture of U and Pu. Surrounding the core is a natura uranium oxide
“blanket” or “breeding blanket.” In early designs the blanket acted as a
reflector for a homogeneous core, but modern designs involve blanket rings
both inside and outside the core, rendering the system heterogeneous. The
new arrangement is predicted to have enhanced safety as well.

Deployment of breeder reactors demands recycling of the plutonium.
This in turn requires reprocessing, which involves physica and chemical
treatment of irradiated fud to separate uranium, plutonium, and fisson
products. We reserve discussion of reprocessng until Section 225, in
connection with waste disposa. The U.S. abandoned commercia
reprocessing because of concerns about the diversion of plutonium and is
unlikely to resume the practice for the present generation of power reactors.

After CRBRP was canceled, the U.S. continued development of the
Integral Fast Reactor (IFR) a Argonne National Laboratory (see
References). The reactor had an associated fuel fabrication and reprocessing
sysem. The fued was an dloy of U, Pu, and Zr, converted
electrochemically. The actinides, elements of atomic number 90 to 103,
were recycled and burned by the fast neutrons rather than becoming long-
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lived radioactive wastes. The reactor was considered to be inherently or
passively safe. The project was abandoned as an economic and political
decison. A commercia outgrowth of the IFR was the ALMR (Advanced
Liquid Metal Reactor) or PRISM, involving Argonne National Laboratory
and General Electric (see References). That design project was aso
terminated.

Although the principa attention throughout the world has been given to
the liquid metal cooled fast breeder using U and Pu, other breeder reactor
concepts might someday become commercialy viable. The therma breeder
reactor, using thorium and uranium-233, has aways been an atractive
option. One extensive test of that type of reactor was the Molten Salt
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Reactor Experiment at Oak Ridge, an outgrowth of the aircraft nuclear
program of the 1960s (see Section 20.6). The MSRE demonstrated the
feadbility of the circulating fuel concept, using sdts of lithium, beryllium,
and zirconium as solvent for uranium and thorium fluorides. Other concepts
are (a) uranium and thorium fuel particles suspended in heavy water, (b) a
high-temperature gas-cooled graphite-moderated reactor containing
beryllium, in which the (n,2n) reaction enhances neutron multiplication.

13.4 Breeding and Uranium Resources

From the standpoint of efficient use of uranium to produce power, it is
clearly preferable to employ a breeder reactor instead of a converter reactor.
The breeder has the ability to use nearly al of the uranium rather than a few
percent. Its impact can be viewed in two different ways. First, the demand
for natura uranium would be reduced by a factor of about 30, cutting down
on fuel costs while reducing the environmental effect of uranium mining.
Second, the supply of fuel would last longer by the factor of 30. For
example, instead of a mere 50 years for use of inexpensive fuel, we would
have 1500 years. It is less clear, however, as to when a well-tested version
of the breeder would actually be needed. A simplistic answer is, “when
uranium gets very expensive.” Such a sSituation is not imminent because
there has been an oversupply of uranium for a number of years, and all
analyses show that breeders are more expensive to build and operate than
converters. A reversal in trend is not expected until some time in the 21t
century. The urgency to develop a commercia breeder has lessened as the
result of dower adoption of nuclear power than anticipated, with the smaller
rate of depletion of resources. Another key factor is the availability in the
U.S. and the former U.SSR of large quantities of surplus wespons
plutonium, which can be used as fud in the form of MOX.

It is useful to make a comparison of demand and reserves. On a world
basis, according to Table 13.3, the annual requirement as of the year 2000 is
estimated to be 64,524 tonnes. This is to be compared to the “reasonably
assured resources’ at cost up to $80/kg of 2,534,420 tonnes. Simple
arithmetic tells us that such inexpensive resources would last only 39 years,
assuming constant fuel requirements. The time would be extended if we add
in other categories such as “estimated additional resources’ but would be
reduced if more reactors than expected went on line.

Using globa figures obscures the problem of distribution. In Table 13.3
we list the top countries in the categories demand and resources. Some
surprising disparities are seen. The leading potentiadd uranium supplier,
Austrdia, is not on the list of users, and the second supplier, Kazakhstan, is
barely on that list. On the other hand, the second highest user, Japan, has
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TaBLE13.3
Uranium Demand and Resources (in 1000s of tonnes)
From OECD-IAEA report (see References)

Country Annual Country Reasonably
demand assured resources
(2000 est.) to $80/kg
United States 18.100 Australia 622.0
Japan 9.700 Kazakhstan 439.22
France 8.600 Canada 331.0
Russia 4.341 South Africa 218.30
Germany 3.000 Brazil 162.0
Korea 2.890 Namibia 156.12
Ukraine 2.820 Russia 145.0
United Kingdom 2.500 United States 110.0
Canada 1.800 Niger 69.96
Sweden 1.500 Uzbekhistan 66.21
Spain 1.240 Mongolia 61.60
Belgium 1.050 India 51.0
Tawan 0.810 Ukraine 45.60
Brazil 0.680 Algeria 26.0
Bulgaria 0.649 France 13.46
China 0.600 Turkey 9.13
Finland 0.557 Central African Rep. 8.0
Czech Republic 0.525 Bulgaria 7.83
Slovak Republic 0.495 Portugal 7.30
Switzerland 0.479 Czech Republic 6.63
Lithuania 0.425 Gabhon 6.03
Hungary 0.420 Italy 4.80
Mexico 0.257 Spain 4.65
India 0.246 Argentina 4.62
South Africa 0.200 Slovenia 2.20
Argentina 0.150 Zaire 1.80
Sovenia 0.102 Zimbabwe 1.80
Romania 0.100 Peru 179
Armenia 0.089 Greece 1.0
Netherlands 0.084 Hungary 0.37
Pakistan 0.065
Kazakhstan 0.050
Total 64.524 Total 2534.42

negligible U resources. Thusthere must be agreat deal of import/export trade
to meet fudl needs. At sometimein the future, in place of the Organization of
Petroleum Exporting Countries (OPEC), there is the possbility of a
“OUEC” cartel. Alternatively, it means that for assurance of uninterrupted
production of nuclear power, some countries are much more interested than
othersin seeing a breeder reactor devel oped.

The resource situation for the U.S. is indicated by Table 13.4. We see
that the U.S. has ample reserves in each of the categories. Not included here
is the large stockpile of depleted uranium, as tails from the uranium isotope
separation process. Such materia is as valuable as natural uranium for use
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TaBLE13.4
U.S. Uranium Reserves
From “Red Book” (see References)

Category Cost range Amount (1000s
of tonnes)

Reasonably assured up to $80/kg 110

$80/kg to $130/kg 361

Estimated additional up to $80/kg 839

$80/kg to $130/kg 1270

Speculative $260/kg 1340

in a blanket to breed plutonium. The principal U.S. deposits in order of size
are in Wyoming, New Mexico, Colorado, Texas (coastal plain), and near
the Oregon-Nevada border. The greatest concentration of estimated
additional resources are in Utah and Arizona. Most of the ores come from
sandstone; about 30 uranium mills are available. Exploration by surface
drilling has tapered off continualy since the middle 1970s when nuclear
power was expected to grow rapidly. One unconventiona source of
uranium is marine phosphates, processed to obtain phosphoric acid.

There is consderable sentiment in the nuclear community for storing
spent fuel from @nverter reactors rather than burying it as a waste, in
anticipation of an energy shortage in the future as fossil fuels become
depleted. If such a policy were adopted, the plutonium contained in the
spent fuel could be recovered in a leisurely manner. The plutonium would
provide the initia loading of a new generation of fast breeder reactors and
the recovered uranium would serve as blanket material.

It is not possible to predict the rate of adoption of fast breeder reactors
for several reasons. The capital costs and operating costs for full-scale
commercid systems are not firmly established. The existence of the
satisfactory LWR and the ability of a country to purchase dightly enriched
uranium or MOX tends to delay the ingadlation of breeders. It is
conceivable, however, that the conventional converter reactors could be
replaced by breeders in the coming century because of fuel resource
limitations. It is possible that the breeder could buy the time needed to fully
develop aternative sources such as nuclear fusion, solar power, and
geothermal energy. In the next chapter the prospects for fusion are
considered.

13,5 Summary

If the value of the neutron reproduction factor h is larger than 2 and
losses of neutrons are minimized, breeding can be achieved, with more fuel
produced than is consumed. The conversion ratio (CR) measures the ability
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of a reactor system to transform a fertile isotope, e.g., U-238, into a fissle
isotope, e.g., Pu-239. Complete conversion requires avalue of CR of nearly
1. Fast breeder reactors using liquid sodium with breeding ratios (BR)
greater than 1 have been built and operated, but severa development
programs have been canceled. One large scale breeder continues to operate
in Russa. There is a great disparity between uranium resources and
uranium use among the countries of the world. Application of the breeder
could stretch the fission power option from a few decades to centuries.

13.6 Exercises
13.1. What are the largest conceivable values of the conversion ratio and the breeding gain?

13.2. An “advanced converter” reactor is proposed that will utilize 50% of the natural
uranium supplied to it. Assuming all the U-235 is used, what must the conversion ratio be?

13.3. Explain why the use of a natural uranium “blanket” is an important feature of a breeder
reactor.

13.4. Compute h and BG for a fast Pu-239 reactor if n=2.98, s;=1.85,s5,=0.26, and ¢ =
0.41. (Note that the fast fission factor e need not be included.)

13.5. With a breeding ratio BR = 1.20, how many kilograms of fuel will have to be burned in
afast breeder reactor operating only on plutonium in order to accumulate an extra 1260 kg of
fissile material? If the power of the reactor is 1250 MWt, how long will it take in days and
years, noting that it requires approximately 1.3 g of plutonium per MWd?

13.6. (a) Using the neutron cycle, Fig. 11.4, find aformulafor ¢ asdefined in Section 13.1.

(b) Cdlculate the value of ¢ and verify that the alternative formula gives the same
answer asin the text, CR = 0.750.

Computer Exercises

13.A. A breeder reactor is successful if it produces more fissionable materia than it
consumes. To test that possibility apply computer programs BREED and BREEDGE. The
first of these uses cross sections for U-235, U-238, and Pu-239 as deduced from early critical
experiments on weapons material assemblies. The second uses more modern cross sections,
appropriate to a power reactor design. (a) Run the programs, varying parameters, to explore
trends. (b) Use the following common input on both programs: U-235 atom fraction 0.003
(depleted U), plutonium volume fraction 0.123, fast flux 4.46 ~ 10% cm? s, (c) Discuss
observations of trends and seek to explain in terms of assumed cross section sets.

13.B. Program FASTR solves the neutron balance equations for a fast reactor using classic
16-group Hansen-Roach cross sections prepared by Los Alamos. Those input numbers are
found in the report Reactor Physics Constants, ANL-5800, 1963, page 568 ff. Run the
program using the menus, observing input data and calculated results. Compare results for
the case of pure U235 with those obtained in Computer Exercise 11.A, using program
CRITICAL.

13.7 References for Chapter 13

Karl Wirtz, Lectures on Fast Reactors, American Nuclear Society, La Grange Perk, IL,
1976.
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Fusion Reactors

A DEVICE that permits the controlled release of fusion energy is designated
as a fusion reactor, in contrast with one yielding fisson energy, the fisson
reactor. As discussed in Chapter 7, the potentialy available energy from the
fuson process is enormous. The posshility of achieving controlled
thermonuclear power on a practical basis has not yet been demonstrated, but
progress in recent years gives encouragement that fusion reactors can be in
operation in the twenty-first century. In this chapter we shall review the
choices of nuclear reaction, study the requirements for feasbility and
practicality, and describe the physical features of machines that have been
tested. Suggestions on this chapter by John G. Gilligan are recognized with
appreciation.

14.1 Comparison of Fusion Reactions

The main nuclear reactions that combine light isotopes to release energy,
as described in Section 7.1, are the D-D, D-T, and D-*He. There are
advantages and disadvantages of each. The reaction involving only
deuterium uses an abundant natura fuel, available from water by isotope
separation. However, the energy yields from the two equdly likely
reactions are low (4.03 and 3.27 MeV). Also the reaction rate as a function
of particle energy is lower for the D-D case than for the D-T case, as shown
in Fig. 14.1. The quantity su, dependent on cross section and particle
speed, is a more meaningful variable than the cross section alone.

The DT reaction yields a helium ion and a neutron with energies as
indicated:

ZH+3H® $He(3.5MeV ) + §n(14.1MeV).

The cross section is large and the energy yield is favorable. The ided
ignition temperature (Section 7.3) for the D-T reection is only 4.4 keV in
contrast with 48 keV for the DD reaction, making the achievement &
practical fusion with the former far easier. One drawback, however, is that
the artificial isotope tritium is required. Tritium can be generated by neutron
absorption in lithium, according to the two reactions

§Li+3n® 3H+3He+4.8MeV

174
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LLi+3n® 3H + 4H+dn- 2.5MeV .

The neutron can come from the DT fusion process itsdlf, in a breeding
cycle similar to that in fisson reactors. Liquid lithium can thus be used as a
coolant and a breeding blanket.

The fact that the D-T reaction gives a neutron as a byproduct is a
disadvantage in the operation of a fuson machine. Wall materias are
readily damaged by bombardment by 14.1 MeV neutrons, requiring
frequent wall replacement. Also, materials of construction become
radioactive as the result of neutron capture. These are engineering and
operating difficulties while the achievement of the high enough energy to
use neutron-free reactions would be a major scientific challenge.

In the long run, use of the D-T reaction is limited by the availability of
lithium, which is not as abundant as deuterium. All things considered, the
D-T fusion reactor is the most likely to be operated first, and its success
might lead to the development of a D-D reactor.

14.2 Requirements for Practical Fusion Reactors

The development of fusion as a new energy source involves severa
levels of accomplishment. The first is the performance of laboratory
experiments to show that the process works on the scale of individua
particles and to make measurements of cross sections and yields. The
second is to test various devices and systems intended to achieve an energy
output that is at least as large as the input, and to understand the scientific
basis of the processes. The third is to build and operate a machine that will
produce net power of the order of megawatts. The fourth is to refine the
design and congruction to make the power source economicaly
competitive. The first of these levels has been reached for some time, and
the second is in progress with considerable promise of success. The third
and fourth steps remain for achievement in the 21st century.

The hydrogen bomb was the first application of fusion energy, and it is
conceivable that deep underground thermonuclear explosions could provide
heat sources for the generation of eectricity, but environmental concerns
and international political aspects rule out that approach. Two methods
involving machines have evolved. One conssts of hesting to ignition a
plasma that is held together by electric and magnetic forces, the magnetic
confinement fuson (MCF) method. The other consists of bombarding
pellets of fuel with laser beams or charged-particle beams to compress and
heat the materia to ignition, the inertial confinement (ICF) method. Certain
conditions must be met for each of these approaches to be considered
successful.

The first condition is achievement of the ided ignition temperature of
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Fi. 14,1 Reaction rates for fusion reactions. The quantity ar. the AVerage aver a
Maxwellian distribution of cross section times specd, when multiplied by particle densities
gives the fusion rate per unit volume.

4.4 keV for the D-T reaction. A second condition involves the fusion fud
particle number density n and a confinement time for the reaction, t. It is
caled the Lawson criterion, and usually expressed as

nt 3 104 s/ cm3.

A formula of this type can be deived for magnetic confinement
fuson by looking at energy and power in the plasma, Suppose that the
numbers of particles per cn?® are np deuterons, ny tritons, and n, electrons.
Further, let the totd number of heavy particles be n = np + ny with equa
numbers of the reacting nuclei, np = ny, and n, = n for eectrica neutrality.
The reaction rate of the fusion fuel particles is written using Section 4.3 as
Np NS u, and if E isthe energy yield per reaction, the fusion power density
is
pr =n°s uE/4,
proportiond to the square of the ion number density.

Now the power loss rate can be expressed as the quotient of the energy
content (ne + Np + ny) (3kT/2) and the confinement timet, i.e.,
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P1= 3nkTit.
Equating the powers and solving,
12KT
nt=——.
SUE

Insert the ided ignition energy of kT = 4.4 keV, the fusion energy E =
17.6 MeV, and let su be equal to the value of su from Fig. 14.1 of around
10", Theresult is 3 ~ 10", of the correct order of magnitude. The Lawson
criterion, however, is only a rough rule of thumb to indicate fusion progress
through research and development. Detailed analysis and experimental test
are needed to evaluate any actua system.

Similar conditions must be met for inertid confinement fuson. An
adequate ion temperature must be attained. The Lawson criterion takes on a
little different form, relating the densty r and the radius r of the
compressed fuel pellet,

r r>3glnt.

The numerical valueis set in part by the need for the radius to be larger than
the range of a particles, in order to take advantage of their heating effect.
For example, suppose that 1 mm radius spheres of a mixtureof D and T in
liquid farm, density 0.18 g/cnT®, are compressed by a factor of 2500. The
radius is reduced by a factor of (2500)"° = 13.6, and the density is increased
to (2500) (0.18) = 450 g/cn’. Then r r = 3.3, which meets the objective.

It is interesting to note that the factors that go into the products nt are
very different for the two types of fusion. For MCF typically n = 10*/cm®
andt =1s whilefor ICFn=10"/cm*andt =10"°s.

The anadysis of fusion reactors involves many other parameters of
physics and engineering. A useful collection of formulas and methods of
calculating are discussed in Computer Exercise 14.A.

Progress toward practical fusion can be measured by the parameter Q,
which isthe ratio of energy output to energy input. “Breakeven” is achieved
if Q = 1. When ignition is reached, no energy input is required, so Q is
equd to infinity.

14.3 Magnetic Confinement Machines

A number of complex MCF machines have been devised to generate a
plasma and to provide the necessary electric and magnetic fields to achieve
confinement of the discharge. We shal examine afew of these to illustrate
the variety of possible approaches.

First, however, consder a smple discharge tube consisting of a gas-
filled glass cylinder with two electrodes as in Fig. 14.2(a). This is smilar to
the familiar fluorescent lightbulb. Electrons accelerated by the potential
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difference cause excitation and ionization of atoms. The ion density and
temperature of the plasma that is established are many orders of magnitude
below that needed for fusion. To reduce the tendency for charges to diffuse
to the walls and be logt, a current-carrying coil can be wrapped around the
tube, as sketched in Fig. 14.2(b). This produces a magnetic field directed
adong the axis of the tube, and charges move in paths described by a hdlix,
the shape of a stretched coil spring. The motion is quite smilar to that of
ions in the cyclotron (Section 8.4) or the mass spectrograph (Section 9.1).
The radii in typica magnetic fields and plasma temperatures are the order
of 0.1 mm for electrons and near 1 cm for heavy ions (see Exercise 14.1). In
order to further improve charge density and stability, the current aong the
tube is increased to take advantage of the pinch effect, a phenomenon
related to the electromagnetic attraction of two wires that carry current in
the same direction. Each of the charges that move aong the length of the
tube condtitutes a tiny current, and the mutua attractions provide a
congtriction in the discharge.

Plasma
__I {.;._';.E_* _= ;’ |_-—-— ()
Flasma
;I
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(b)

Coil
Fui. 14.2  Electnical discharges

Neither of the above magnetic effects prevent charges from moving
freely aong the discharge tube, and losses of both ions and electrons are
experienced at the ends. Two solutions of this problem have been tried. One
IS to wrap extra current-carrying coils around the tube near the ends,
increasing the magnetic field there. This causes charges to be forced back
into the region of weak field, i.e,, to be reflected. This “mirror machine’ is
not perfectly reflecting. Another approach is to create endless magnetic
field lines by bending the vacuum chamber and the coils surrounding it into
the shape of a figure eight. An early version of this arrangement, called a
“sellarator,” is gill being considered as a favorable system because it does
not depend on interna currents for plasma confinement. It could operate
continuoudly rather than in pulses.

A completely different solution to the problem of charge losses is to
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produce the discharge in a doughnut-shaped tube, a torus, as shown in Fig.
14.3. The first successful ring-shaped fuson machine was developed by
scientists of the U.S.S.R. around 1960. They cdled it tokamak, an acronym
in Russian for toroid- chamber- magnet- coil. Since the tube has no ends,
the magnetic field lines produced by the coils are continuous. The free
motion of charges aong the circular lines does not result in losses.
However, there is a variation in this toroida magnetic field over the cross
section of the tube that causes a small particle migration toward the wall. To
prevent such migration, a current is passed through the plasma, generating a
poloidal magnetic field. The field lines are circles around the current, and
tend to cancel eectric fields that cause migration. Vertica magnetic fields
are adso employed to stabilize the plasma.

Fiz. 14.3  Plazma confinement in torus.

Plasmas of MCF machines must be heated to reach the necessary high
temperature. Various methods have been devised to supply the thermal
energy. The first method, used by the tokamak, is resistance (ohmic)
heating. A changing current in the coils surrounding the torus induces a
current in the plasma. The power associated with a current through a
resistanceis | * R. The resistivity of a“clean” hydrogen plasma, one with no
impurity atoms, is comparable to that of copper. Impurities increase the
resstivity by a factor of four or more. There is a limit set by stability on the
amount of ohmic heeating possible.

The second method of heating is neutral particle injection. The sequence
of events is as follows. (a) a gas composed of hydrogen isotopes is ionized
by an eectron stream; (b) the ions of hydrogen and deuterium produced in
the source are accelerated to high speed through a vacuum chamber by a
voltage of around 100 kV; (c) the ions pass through deuterium gas and by
charge exchange are converted into directed neutral atoms; (d) the residua
dow ions are drawn off magnetically while the neutrals cross the magnetic
field lines freely to deliver energy to the plasma.

The third method uses microwaves in a manner smilar to their
gpplication to cooking. The energy supply is a radio-frequency (RF)
generator. It is connected by a transmission line to an antenna next to the
plasma chamber. The waves enter the chamber and die out there, delivering
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energy to the charges. If the frequency is right, resonant coupling to natura
circular mations of eectrons or ions can be achieved. The phrases electron
(or ion) cyclotron radio-frequency, ECRF (or ICRF) come from the angular
frequency of a charge g with mass min a magnetic field B, proportiond to
gB/mas discussed in Section 8.1.

Since the fusion reactions burn the deuterium-tritium fud, new fue must
be introduced to the plasma as a puff of gas, or as a stream of ions, or as
particles of liquid or solid. The latter method seems best, in spite of the
tendency for the hot plasma to destroy the pellet before it gets far into the
discharge. It appears that particles that come off the pellet surface form a
protective cloud. Compressed liquid hydrogen pellets of around 10”° atoms
moving at 80 m/s are injected arate of 40 per second.

The mathematical theory of electromagnetism is used to deduce the
magnetic field shape that gives a stable arrangement of electric charges.
However, any disturbance can change the fields and in turn affect the
charge motion, resulting in an ingability that may disrupt the field
configuration. The analysis of such behavior is more complicated than that
of ordinary fluid flow because of the presence of charges. In aliquid or gas,
the onset of turbulence occurs at a certain value of the Reynolds number. In
a plasma with its eectric and magnetic fiedds, many additiona
dimensionless numbers are needed, such as the ratio of plasma pressure to
magnetic pressure (b) and ratios to the plasma size of the mean free path,
the ion orbits, and the Debye length (a measure of electric field penetration
into a cloud of charges). Severd of the instabilities such as the “kink” and
the “sausage” are well understood and can be corrected by assuring certain
conditions.

Stability of the plasma is not sufficient to assure a practica fusion
reactor because of various materials engineering problems. The lining of the
vacuum chamber containing the plasma is subjected to radiation damage by
the 14-MeV neutrons from the DT reaction. Also, when the plasma is
disrupted, the electric forces cause “runaway electrons’ © bombard the
chamber wall, generating large amounts of heat. Materials will be selected
to minimize the effects on what are called plasma-facing components, and
reduce the frequency of need for replacement. An example is a graphite
fiber composite smilar to those used to protect the surface of the space
shuttle on re-entry. Other possible wall materids are slicon carbide,
beryllium, tungsten, and zirconium, with the latter metals possibly enriched
in an isotope that does not absorb neutrons. Some self-protection of the
chamber lining is provided by vaporization of materiads, with energy
absorbed by a “vapor shield.”

The eventua practical fusion reactor will require a system to generate
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tritium. As an dternative to using liquid lithium in a breeding blanket,

condderation is given to a molten sat composed of fluoring, lithium, and

beryllium (Li,BeF, called “flibe”). The (n,2n) reaction in Be would enhance
the breeding of tritium. Another possibility is the use of the ceramic lithium

oxide (Li,O).

A number of tokamaks have been built at research facilities around the
world. Prominent examples are:

(8) The Tokamak Fusion Test Reactor (TFTR) at Princeton, now shut down,
that achieved very high plasma temperatures.

(b) The Joint European Torus (JET) at Abingdon, England, a coopertive
venture of severa countries, which has employed the D-T reaction.
Figure 14.4 shows the interior of JET with a person insde that
provides scale.

(c) The Japanese Atomic Energy Research Ingtitute Tokamak-60 (JT-60
Upgrade), used to study plasma physics. The Nationd Ingtitute for
Fusion Sciences aso operates the Large Helical Device, a modern

stellarator.
(d) The DIII-D of Generad Atomic in San Diego is a modification of
Doublet I11. It involves science studies of turbulence, stability and

interactions, along with the role of the divertor, a magnetic method of
removing debris from afusion reaction.

(e) The Alcator-C-Mod of MIT, a compact machine with high generd
performance.

14.4 Inertial Confinement Machines

Another approach to practical fusion is ICF, which uses very smal
pellets of a deuterium and tritium mixture as high-density gas or asice. The
pellets are heated by laser light or by high-speed particles. They act as
miniature hydrogen bombs, exploding and delivering their energy to a wall
and cooling medium. Figure 14.5 shows a quarter coin with some of the
spheres. Their diameter is about 1/50 of a millimeter (smaller than the
periods on this page). To cause the thermonuclear reaction, a large number
of beams of laser light or ions are trained on a pellet from different
directions. A pulse of energy of the order of a nanosecond is delivered by
what is called the “driver.” The mechanism is believed to be as follows: the
initial energy evaporates some materia from the surface of the microsphere,
in amanner similar to the ablation of the surface of a spacecraft entering the
earth’s atmosphere. The particles that are driven off form a plasma around
the sphere which can absorb further energy. Electrons are conducted
through the sphere to heat it and cause more ablation. As particles leave the
surface, they impart a reaction momentum to the materia inside the sphere,
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Fii. 144 Interior of tokamak fusion reactor Joint European Torus). at Colham, UK.
(Courtesy JET, Joint Ewropean Torus).

just as a space rocket is propelled by escaping gases. A shock wave moves
inward, compressing the D-T mixture to many thousands of times normal
density and temperature. At the center, a spark of energy around 1 keV sets
off the thermonuclear reaction. A burn front involving apha particles
moves outward, consuming the D-T fuel as it goes. Energy is shared by the
neutrons, charged particles, and electromagnetic radiation, all of which will
eventually be recovered as therma energy. Consistent numbers are: 1
milligram of D-T per pelet, 5 million joules driver energy, an energy gain
(fusion to driver) of about 60, and a frequency of 10 bursts per second.

In an aternative indirect method of hesting, laser light or ions bombard
the walls of a pellet cavity caled a hohlraum, producing X-rays that drive
the pelet target. One advantage besides high energy efficiency is
insengitivity to focus of the illuminating radiation.

The energy released in the series of microexplosions is expected to be
deposited in a layer of liquid such as lithium that is continuoudy circulated
over the surface of the container and out to a heat exchanger. Thisisolation
of the reaction from meta walls is expected to reduce the amount of
material damage. Other candidate wall protectors are liquid lead and flibe.
It may not be necessary to replace the walls frequently or to install special
resistant coatings. Figure 14.6 shows a schematic arrangement of a laser-
fusion reactor.
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Fic. 145 Gold microshells containing high pressoare D-T gas for use in laser lusion
(Couresy Los Alamos National Laboratory, Mo, CN To=6442),

Research on inertial confinement fusion is carried out a severa

locationsin the U.S.:

(a) Lawrence Livermore National Laboratory operates Nova, which uses a
neodymium-glass laser, with ten separate beams. Nova can deliver 40
kJ of 351-nm light in a Zns pulse. It isthe first ICF machine to exceed
the Lawson criterion. LLNL is aso the site of the Nationa Ignition
Fecility (NIF), which has a dual purpose. The first is to provide
information on target physics for the U.S. research program in inertial
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confinement fuson. The second is to sSmulate conditions in
thermonuclear weapons as an dternative to underground testing actua
devices (also see Chapter 26). NIF will have 192 beamlines focused on
a target fud capsule. The design permits either direct or indirect
heating. It is expected to be operationa by the year 2005. One
beamline called Beamlet has been tested successfully. For additional
information see References.

(b) Los Alamos Nationa Laboratory has two laser facilities- the excimer

(excited molecular) laser Aurora, containing F and Kr gases, and a CO,
laser, Antares.

(c) Sandia Nationa Laboratories first demonstrated with its Particle Beam

Fusion Accelerator (PBFA) that targets could be heated with a proton
beam. The equipment was converted into the Z-accelerator, which uses
apulse of current to create a powerful pinch effect (see Section 14.3).
The energy from the electrical discharge goes into accelerating
electrons that create X-rays that heat the DT capsules. Power levels of
near 300 trillion watts have been achieved (see References).

(d) Lawrence Berkeley National Laboratory tests methods of accelerating

(€)

heavy ions such as potassium to serve as driver for ICF.
Generd Atomics provides inertial fuson targets spheres and
hohlraums- for other [aboratories.

A number of conceptua inertial fusion reactor designs have been
developed by nationa laboratories, universities, and companies, in order to
highlight the needs for research and development. These designs are
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intended to achieve power outputs comparable to those of fission reactors.
They include both laser-driven and ion-driven devices. Examples are
HIBALL-II (University of Wisconsin), HYLIFE-1I and Cascade (Lawrence
Livermore), Prometheus (McDonnell Douglas), and OSRIS and
SOMBRERO (W. J. Shafer). A considerable gap remains between
performance required in these designs and that obtained in the laboratory to
date.

145 Other Fusion Concepts

Over the years since 1950 when research on fusion was begun in earnest
there have been many ideas for processes and systems. One was the
“hybrid” reactor with a fusion core producing 14-MeV neutrons that would
be asorbed in a uranium or thorium blanket, producing new fissle
material. It was proposed as a stepping-stone to pure fusion, but appears
unlikely to be considered.

Out of the approximately 100 fusion reactions with light isotopes, there
are some that do not involve neutrons. If a*neutron-free” reaction could be
harnessed, the problems of maintenance of activated equipment and
disposal of radioactive waste could be eliminated. One example is proton
bombardment of the abundant boron isotope, according to

IH+1B® 3 4He+8.68MeV .

Since Z = 5 for boron, the eectrostatic repulsion of the reactants is five
times as great as the for DT reaction, resulting in a much lower cross
section. The temperature of the medium would have to be quite high. On
the other hand, the elements are abundant and the boron-11 isotope is the
dominant one in boron.

Another neutron-free reaction uses the rare isotope helium-3,

3H+3He® $He(3.6MeV) +1H (14.7 MeV).

The D-® He electrostatic force is twice as great as the D-T force, but since
the products of the reaction are both charged, energy recovery would be
more favorable. The process might be operated in such away that neutrons
from the D-D reaction could be minimized. This would reduce neutron
bombardment to the vacuum chamber walls. A D-*He fusion reactor thus
could use a permanent first wall, avoiding the need for frequent replacement
and at the same time reducing greatly the radioactive waste production by
neutron activation.

The principal difficulty with use of the reaction is the scarcity of *He.
One source is the atmosphere, but helium is present only to 5 parts per
million by volume of ar and the hdium-3 content is only 1.4 atoms per
million of helium. Neutron bombardment of deuterium in a reactor is a
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preferable source. The decay of tritium in nuclear weapons could be a
source of a few kilograms a year, but not enough to sustain an electrical
power grid. Extraterrestrial sources are especialy abundant but of course
difficult to tap. Studies of moon rocks indicate that the lunar surface has a
high ®He content as the result of eons of bombardment by solar wind. Its
*He concentration is 140 ppm in helium. It has been proposed that mining,
refining, and isotope separation processes could be set up on the moon, with
space shuttle transfer of equipment and product. The energy payback is
estimated to be 250, the fudl cost for fusion would be 14 millgkWh, and the
total energy available is around 10" GWe-y. If space travel is further
perfected, helium from the atmospheres of Jupiter and Saturn could be
recovered in amost inexhaustible amounts.

A fusion process that is exotic physicadly but might be smple
technically involves muons, negatively charged particles with mass 210
times that of the dectron, and half-life 2.2 microseconds. Muons can
subgtitute for eectrons in the atoms of hydrogen, but with orbits that are
210 times smaller than the normal 0.53 ~ 10" m (see Exercise 14.5). They
can be produced by an accelerator and directed to a target consisting of a
deuterium-tritium compound such as lithium hydride. The beam of muons
interacts with deuterons and tritons, forming DT molecules, with the muon
playing the same role as an electron. However, the nuclei are now close
enough together that some of them will fuse, releasing energy and allowing
the muon to proceed to another molecule. Several hundred fusion events
can take place before the muon decays. The system would appear not to
need complicated eectric and magnetic fields or large vacuum equipment.
However, the concept has not been tested sufficiently to be able to draw
conclusions about its feasibility or practicality.

Two researchers in 1989 reported the startling news that they had
achieved fusion at room temperature, a process called “cold fuson.” The
experiments received a great deal of media attention because if the
phenomenon were real, practicd fuson would be imminent. Their
equipment consisted of a heavy water electrolytic cell with cathode of metal
palladium, which can absorb large amounts of hydrogen. They clamed that
application of a voltage resulted in an enormous energy release. Attempts
by others to confirm the experiments failed, and cold fusion is not believed
to exist. Under certain conditions, there may be a release of large amounts
of stored chemical energy, and research is continuing.

A scientific breakthrough whose effect is not yet determined is the
discovery of materials that exhibit electrical superconductivity at relatively
high temperatures, well above that of liquid helium. Fuson machines using
superconducting magnets will as a minimum be more energy-efficient.
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14.6 Prospects for Fusion

Research on controlled thermonuclear processes has been under way for
over 40 years at severd nationa laboratories, universities, and commercial
organizations. The results of the studies include an improved understanding
of the processes, the ability to caculate complex magnetic fields, the
invention and testing of many devices and machines, and the collection of
much experimental data. Over that period, there has been an approach to
breskeven conditions, but progress has been painfully dow, involving
decades rather than years. Various reasons have been suggested for this.
First and probably most important is the fact that fusion is an extremely
complex process from both the scientific and engineering standpoints.
Second are policy decisions, e.g., emphasis on fundamenta plasma physics
rather than building large machines to reved the true dimensions of the
problem. In the case of inertial confinement fusion, the U.S. security
classfication related to weapons inhibited free international exchange of
research information. Finaly, there have been inconsistencies in funding
alocations.

Figure 14.7(a) shows accomplishments of the MCF machines being
tested. The plots give the Lawson criterion product of number density n and
confinement time t as a function of ion temperature T expressed as an
energy in keV. Also noted on the diagram are the goals of breakeven and
ignition. Although breakeven has been achieved, there still is a considerable
way to go to gpproach ignition.

Figure 14.7(b) shows the progress by |CF machines. The plot relates the
ion temperature to the product of density and radius as discussed in section
14.2. OMEGA is expected to come near ignition and NIF to exceed it.

Predictions have repeatedly been made that practical fusion was only 20
years away. Two events provide some encouragement that the eusive 20-
year figure might be met. The first is the discovery of a new tokamak
current. As noted earlier, current flow in the plasma is induced by the
changing external magnetic field. Since that field cannot increase
indefinitely, it would be necessary to shut down and start over. In 1971 it
had been predicted that there was an additional current in a plasma, but not
until 1989 was that verified in severa tokamaks. That “bootstrap” current
amounts to up to 80 per cent of the total, such that its contribution would
alow essentialy continuous operation.

The second event was a breakthrough in late 1997 in fuson energy
release. Most fusion research had been conducted with the D-D reaction
rather than the D-T reaction, to avoid the complication of contamination of
equipment by radioactive tritium. At the Joint European Torus (JET) in
England tritium was injected as a neutra beam into a plasma. A series of
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records was set, ultimately giving 21 MJ of fusion energy, a peak power of
16 MW, and a ratio of fusion power to input power of 0.65. These results
greatly exceeded those from D-D reactions.

The progress in tokamak performance over the years prompted planning
for a large machine, the International Thermonuclear Experimental Reactor
(ITER). A design was developed under the auspices of the International
Atomic Energy Agency, by collaboration of four major participants- the
U.S., the European Community, Russia, and Japan. Some of the features of
the design were a large plasma volume of roughly dliptica shape, a blanket
to absorb neutron energy, and a divertor to extract the energy of charged
particles produced and the helium ash. Selected parameters were:

major plasmaradius 8.14m
minor plasmaradius 280m
megnetic field 57T
plasma current 21 MA
fusion power 1500 MW
burn time 1300s
average temperature 12 keV

The congtruction cost was estimated to be eight billion dollars, which was
deemed excessive, leading to a scaled-down version of the technical
objectives and the cost. Construction of the smaller verson may be
problematic for avariety of reasons: (a) concern that a tokamak might never
reach ignition because of ingabilities; (b) opinion that funding should go to
other fusion concepts, especidly smal systems; (c) the unwillingness of
utilities to undertake such an advanced power concept; (d) economic
difficulties in Japan and Russia, and budget congtraints in the U.S. For
details, see References.

Most of the R&D on magnetic fusion has been focused on the tokamak
mode. Disenchantment with the ITER project resulted in a change in U.S.
fusion program, as supported by DOE's Office of Fusion Energy Sciences.
Recommendations for a more fundamental research program that
emphasized plasma processes were made by the Fusion Energy Sciences
Advisory Committee (FESAC). Also, in a broadened research program
other concepts are being considered, identified by terms such as compact
stellarator, spherical torus, reversed field pinch, spheromak, field reversed
configuration, floating multipole, eectric tokamak, and z-pinch. Brief
descriptions of these systems are found in a 1998 workshop (see
References). Some consideration is also being given to dectric confinement
of a plasma. The U.S. fuson R&D program is going through a process of
sef-assessment to determine what approaches have the best chance of
success.
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It appears that practical fusion reactors still will not be available soon
unless there is an unanticipated breakthrough or a completely new idea
arises that changes the prospects dramatically. There is yet much to
understand about plasma processes and a great deal of time is required to
carry out research, development, and testing of a system that will provide
competitive electric power.

From time to time, the wisdom of pursuing a vigorous and expensive
research program in controlled fusion has been questioned, in light of the
uncertainty of success in achieving affordable fusion power. An excellent
answer is the statement attributed by Robin Herman (see References) to the
fuson pioneer Lyman Spitzer, “A fifty percent probability of getting a
power source that would last a hillion years is worth a great dea of
enthusiasm.”

147 Summary

A fusion reactor, yet to be developed, would provide power using a
controlled fusion reaction. Of the many possible nuclear reactions, the one
that will probably be employed first involves deuterium and tritium
(produced by neutron absorption in lithium). A D-T reactor that yields net
energy must exceed the ignition temperature of around 4.4 keV and have a
product nt above about 10", where n isthe fuel particle number density and
t isthe confinement time. Severa experimental machines have been tested,
involving an electrical discharge (plasma) that is constrained by electric and
megnetic fields. One promising fusion machine, the tokamak, achieves
magnetic confinement in a doughnut-shaped structure. Research is aso
under way on inertial confinement, in which laser beams or charged particle
beams cause the explosion of miniature D-T pellets. A neutron-free reaction
involving deuterium and helium-3 would be practica if the moon could be
mined for helium.

14.8 Exercises

14.1. Noting that the radius of motion R of a particle of charge g and mass m in a magnetic
fidd Bis R= mu/gB and that the kinetic energy of rotation in the x-y planeis (1/2)mu? = kT,
find the radii of motion of electrons and deuteronsif Bis 10 Wh/m? and kT is 100 keV.

14.2. Show that the effective nuclear reaction for a fusion reactor using deuterium, tritium,
and lithium-6 is

2H+SLi ® 2 4He+ 224 MeV .

14.3. Verify the statement that in the D-T reaction the 4 Heparticle will have 1/5 of the
energy.
14.4. (d) Assuming that in the D-D fusion reaction the fuel consumption is 0.151 g/MWd

(Exercise 7.3), find the energy release in Jkg. By how large a factor is the value larger or
smaller than that for fission?
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(b) If heavy water costs $100/kg, what is the cost of deuterium per kilogram?
(¢) Noting 1 kWh=3.6" 10°J, find from (a) and (b) the energy cost in millskWh.

14.5. (a) Using the formulafor the radius of the smallest electron orbit in hydrogen,
R= (107 / m)(h/ec)2

where # =h/ 2p and the basic constants in the Appendix, verify that Ris0.529 ~ 10°m.
(b) Show that the rest energy of the muon, 105.66 MeV, is approximately 207 times
the rest energy of the electron.
(c) What is the radius of the orhit of the muon about hydrogen in the muonium atom?
(d) The lengths of the chemical bonds in H, and in other compounds formed from
hydrogen isotopes are all around 0.74 ~ 10'1° m. Estimate the bond in molecules where the
muon replaces the electron.
(e) How does the distance in (d) compare with the radii of the nuclel of D and T (see
Section 2.6)?

Computer Exercise

14.A. Computer program FUSION is a collection of small modules that calculate certain
parameters and functions required in the analysis of a plasma and a fusion reactor. Among
the properties cnsidered are the theoretical fusion reaction cross sections, the maxwellian
distribution and characteristic velocities, the impact parameter for 90° ion scattering, the
Debye length, cyclotron and plasma frequencies, magnetic field parameters, and electrica
and thermal conductivities. Explore the modules using the menus provided and the sample
input numbers.

14.9 References for Chapter 14
(also see Chapter 7)

T. Kenneth Fowler, The Fusion Quest, Johns Hopkins University Press, Baltimore, 1997.
Highly readable, non-mathematical treatment of both MCF and I CF, and discussion of the
virtues of fusion reactors. Formulas and numbers appear in an Appendix.

T. J. Dolan, Fusion Research, Pergamon Press, New Y ork, 1982.

Weston M. Stacey, Fusion: An Introduction to the Physics and Technology of Magnetic
Confinement Fusion, John Wiley & Sons, New Y ork, 1984.

John D. Lindl, Inertial Confinement Fusion: The Quest for Ignition and Energy Gain Using
Indirect Drive AlP Press, Springer-Verlag, New York, 1998. A technical description of ICF
history, theory, design, and expectations. Contains many formulas, calculations, diagrams,
and graphs.

J. Raeder, et a., Controlled Nuclear Fusion: Fundamentals of Its Utilization for Energy
Supply, John Wiley & Sons, Ltd., Chichester, England, 1986. Mathematics of the process,
descriptions, and assessment of resource needs and economic practicality.

Keishiro Niu, Nuclear Fusion, Cambridge University Press, Cambridge, England, 1989.
Treats both magnetic confinement by tokamaks and inertial confinement by lasers and ions.
Includes discussion of reactors.

R. Stephen Craxton, Robert L. McCrory, and John M. Soures, “Progressin Laser Fusion,”
Scientific American, August 1986, p. 68.



192 Fusion Reactors

E. Greenspan, “Fusion-Fission Hybrid Reactors,” in Advancesin Nuclear Science and
Technology, Val. 16, Jeffrey Lewins and Martin Becker, Editors, Plenum Press, New Y ork,
1984.

J. Rand McNally, Jr., K. E. Rothe, and R. D. Sharp, “Fission Reactivity Graphs and Tables for
Charged Particle Reactions,” ORNL/TM -6914, August 1979. A set of fusion data on 31 light

isotopes, incl udingsj and other averages, and a summary of reactions.

General Atomics Fusion Program
http://fusion.gat.com
Select DIII-D Program and | CF Program.

Robert W. Conn, Valery A. Chuyanov, Nobuyuki Inoue, and Donald R. Sweetman, “The
International Thermonuclear Experimental Reactor,” cientific American, April 1992, p. 103.

International Thermonuclear Experimental Reactor
http://www.iter.org

Magnetic Fusion: The DOE Fusion Energy Sciences Program
http://www.cnie.org/nle/eng-22.html
Congressional Research Service brief.

U.S. Fusion Energy Sciences Program
http://wwwofe.er.doe.gov
Includes links to fusion research activities around the world.

JET Joint Undertaking

http://www.jet.uk/old_default.html

Download pdf file Jet & Fusion Energy in the Next Millennium. Note that since January 1,
2000, JET facilities operate under EFDA, the European Fusion Development Agreement.

SandiaNational Laboratories
http://www.sandia.gov/pul spowr/PPT.html
Select High Energy Density and Inertial Confinement Fusion.

LLNL’sLaser Programs
http://www-lasers.|Inl.gov
Select National Ignition Facility.

Innovative Confinement Concepts Workshop 1998
http://www.FusionScience.ORG/ICC98/
Download reports on concepts in pdf.

Issuesin Science and Technology, Summer 1997, pp. 53-64 and Fall 1997, pp. 5-9.
Contrasting opinions as to the best direction for the fusion R&D.

Fusion Power Associates
http://fusionpower.org
Source of information on latest technical and political developments.

Terry Kammash, Editor, Fusion Energy in Space Propulsion, Progress in Astronautical and
Aeronautics, Vol. 67, AIAA, Washington, 1995. Composite discussion of space and fusion,
including use of antimatter and terraforming Mars.



References for Chapter 14 193

Robin Herman, Fusion: The Search for Endless Energy, New Y ork, Cambridge University
Press, 1990.






Part Il Nuclear Energy and Man

The discovery of nuclear reactions that yield energy, radioisotopes, and
radigtion is of maor significance in that it showed the possibility of both
enormous human benefit and world destruction. It is thus understandable
that nuclear energy is a controversia subject. Many have deplored its initia
use for military purposes, while others regard the action as necessary under
the existing circumstances. Some believe that the discovery of nuclear
energy should somehow have been avoided, while others hold that the
revelation of natura phenomena is inevitable. Many uninformed persons
see no distinction between nuclear weapons and nuclear reactors, while
most recognize that the two are very different applications of the same
force. A few scientists would abandon the use of nuclear power on the basis
of risks, but many knowledgeable persons believe it to be a necessary
national and world energy source.

The variety of viewpoints on nuclear energy is but a part of a larger
picture- the growth in concern about science and technology, which are
claimed by some to be the source of many problems in advanced countries.
Such a reaction stems from the observation of the extent of waste release
and effects on the environment and health. Doubtless there exists a
sequence of scientific discovery, commercia exploitation, and a new
environmenta problem. It does not follow that the studies should not have
been made, but that they should have been accompanied by consideration of
Sde-effects and prevention of future harm. Beneficia technology should be
encouraged but the environmental and socia costs should be assessed and
made known. Findly, preoccupation with industrid byproducts among
people of advanced countries must not thwart the aspirations of the rest of
the world to have hedlth, freedom from drudgery, and a standard of living
made possible by high technology.

Decisions as to the uses of science are subject to ethical and mora
criteria; but science itself, as a process of investigation and a body of
information that is developed, must be regarded as neutral. Every natural
resource has mixed good and evil. For example, fire is most necessary and
welcome for warmth in our homes and buildings, but can devastate our
forests. Water is required for surviva of every living being but in the form
of aflood can ruin our cities and land. Drugs can help cure diseases but can
incapecitate or kill us. Explosives are valuable for mining and construction
but are dso atool of warfare. So it is with nuclear energy. On one hand, we
have the benefits of heat and radiation for many human needs; on the other,
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the possibility of bombs and radioactive falout. The key to application for
benefit or detriment lies in man’s decisions, and the fear of evil uses should
not preclude good uses.

In Part 111 we shall review the history of nuclear energy, examine its
hazards and the means available for protection, and describe some of the
many peaceful applications of nuclear energy to the betterment of mankind.
Finaly, we shal discuss the role of nuclear energy in the long-term survival
of our species.



15

The History of Nuclear Energy

THE DEVELOPMENT of nuclear energy exemplifies the consegquences of
scientific study, technological effort, and commercia application. We shall
review the history for its relation to our cultural background, which should
include man’s endeavors in the broadest sense. The author subscribes to the
traditional conviction that history is relevant. Present understanding is
grounded in recorded experience, and while we cannot undo errors, we can
avoid them in the future. It is to be hoped that we can establish concepts and
principles about human attitudes and capability that are independent of
time, to help guide future action. Finaly, we can draw confidence and
inspiration from the knowledge of what man has been able to accomplish.

15.1 The Rise of Nuclear Physics

The science on which practical nuclear energy is based can be
categorized as classicd, evolving from studies in chemistry and physics for
the last several centuries, and modern, that related to investigations over the
last hundred years into the structure of the atom and nucleus. The modern
era begins in 1879 with Crookes achievement of ionization of a gas by an
electric discharge. Thomson in 1897 identified the electron as the charged
paticle responsible for eectricity. Roentgen in 1895 had discovered
penetrating X-rays from a discharge tube, and Becquerd in 1896 found
gmilar rays- now known as g rays- from an entirely different source, the
element uranium, which exhibited the phenomenon of radioactivity. The
Curies in 1898 isolated the radioactive element radium. As a part of his
revolutionary theory of motion, Einstein in 1905 concluded that the mass of
any object increased with its speed, and stated his now-famous formula E =
mc?, which expresses the equivalence of mass and energy. At that time, no
experimenta verification was available, and Eingtein could not have
foreseen the implications of his equation.

In the firgt third of the twentieth century, a host of experiments with the
various particles coming from radioactive materials led to a rather clear
understanding of the structure of the atom and its nucleus. It was learned
from the work of Rutherford and Bohr that the electrically neutral atom is
constructed from negative charge in the form of eectrons surrounding a
central positive nucleus, which contains most of the matter of the atom.
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Through further work by Rutherford in England around 1919, it was
revealed that even though the nucleus is composed of particles bound
together by forces of great strength, nuclear transmutations can be induced;
e.g., the bombardment of nitrogen by helium yields oxygen and hydrogen.

In 1930, Bothe and Becker bombarded beryllium with a particles from
polonium and found what they thought were g rays but which Chadwick in
1932 showed to be neutrons. A similar reaction is now employed in nuclear
reactors to provide a source of neutrons. Artificia radioactivity wes first
reported in 1934 by Curie and Joliot. Particles injected into nuclel of boron,
magnesium, and aluminum gave new radioactive isotopes of severd
elements. The development of machines to accelerate charged particles to
high speeds opened up new opportunities to study nuclear reactions. The
cyclotron, developed in 1932 by Lawrence, was the first of a series of
devices of ever-increasing capability.

15.2 The Discovery of Fission

During the 1930s, Enrico Fermi and his co-workers in Italy performed a
number d experiments with the newly discovered neutron. He reasoned
correctly that the lack of charge on the neutron would make it particularly
effective in penetrating a nucleus. Among his discoveries was the great
afinity of dow neutrons for many elements and the variety of radioisotopes
that could be produced by neutron capture. Breit and Wigner provided the
theoretical explanation of dow neutron processes in 1936. Fermi made
measurements of the distribution of both fast and therma neutrons and
explained the behavior in terms of dastic scattering, chemica binding
effects, and therma motion in the target molecules. During this period,
many cross sections for neutron reactions were measured, including that of
uranium, but the fission process was not identified.

It was not until January 1939 that Hahn and Strassmann of Germany
reported that they had found the element barium as a product of neutron
bombardment of uranium. Frisch and Meitner made the guess that fission
was responsible for the appearance of an dement that is only half as heavy
as uranium, and that the fragments would be very energetic. Fermi then
suggested that neutrons might be emitted during the process, and the idea
was born that a chain reaction that releases great amounts of energy might
be possible. The press picked up the idea, and many sensational articles
were written. The information on fisson, brought to the United States by
Bohr on a vist from Denmark, prompted a flurry of activity at severa
universities, and by 1940 nearly a hundred papers had appeared in the
technica literature. All of the qudlitative characteristics of the chain
reaction were soon learned- the moderation of neutrons by light elements,
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thermal and resonance capture, the existence of fission in U-235 by therma
neutrons, the large energy of fission fragments, the release of neutrons, and
the possibility of producing transuranic eements, those beyond uranium in
the periodic table.

15.3 The Development of Nuclear Weapons

The discovery of fisson, with the possibility of a chain reaction of
explosive violence, was of especial importance at this particular time in
history, since World War 11 had begun in 1939. Because of the military
potentia of the fission process, a voluntary censorship of publication on the
subject was established by scientists in 1940. The studies that showed U-
235 to be fissle suggested that the new eement plutonium, discovered in
1941 by Seaborg, might adso be fissle and thus aso serve as a weapon
material. As early as July 1939, four leading scientists Szilard, Wigner,
Sachs, and Eingtein- had initiated a contact with President Roosevelt,
explaining the possibility of an atomic bomb based on uranium. As a
consequence a small grant of $6000 was made by the military to procure
meaterias for experimental testing of the chain reaction. Before the end of
World War 1l, atota of $2 billion had been spent, an amost inconceivable
sum in those times. After a series of studies, reports, and policy decisions, a
magjor effort was mounted through the U.S. Army Corps of Engineers under
General Groves. The code name “Manhattan District” (or “Project”) was
devised, with military security mandated on dl information.

Although a great deal was known about the individua nuclear reactions,
there was great uncertainty as to the practical behavior. Could a chain
reaction be achieved at all? If so, could Pu-239 in adequate quantities be
produced? Could a nuclear explosion be made to occur? Could U-235 be
separated on a large scale? These questions were addressed at severd
ingitutions, and design of production plants began amost concurrently,
with great impetus provided by the involvement of the United States in
World War 1l after the attack on Pearl Harbor in December 1941 by the
Japanese. The distinct possibility that Germany was actively engaged in the
development of an atomic weapon served as a strong stimulus to the work
of American scientists, most of whom were in universities. They and their
students dropped their normal work to enlist in some phase of the project.

As it was reveded by the Alsos Mission (see References), a military
investigation project, Germany had actualy made little progress toward an
atomic bomb. A controversy has developed as to the reasons for its failure
(see References). There is evidence that an overestimate was made of the
critical mass of enriched uranium- as tons rather than kilograms- with the
conclusion that such amounts were not achievable.
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The Manhattan Project consisted of severa paralel endeavors. The
major effort was in the U.S., with cooperation from the United Kingdom,
Canada, and France.

An experiment at the University of Chicago was crucia to the success of
the Manhattan Project and aso set the stage for future nuclear
developments. The team under Enrico Fermi assembled blocks of graphite
and embedded spheres of uranium oxide and uranium metal into what was
caled a “pile” The main control rod was a wooden stick wrapped with
cadmium foil. One safety rod would automatically drop on high neutron
level; one was attached to a weight with a rope, ready to be cut with an axe
if necessary. Containers of neutron-absorbing cadmium-sat solution were
ready to be dumped on the assembly in case of emergency. On December 2,
1942, the system was ready. The team gathered for the key experiment asin
Figure 15.1, an artist’s recreation of the scene. Fermi camly made
caculations with his dide rule, and cdled for the main control rod to be
withdrawn in steps. The counters clicked faster and faster until it was
necessary to switch to a recorder, whose pen kept climbing. Finaly, Fermi
closed his dide rule and said, “The reaction is salf-sustaining. The curve is
exponential.”

This firss manmade chain reaction gave encouragement to the
possibility of producing weapons materia, and was the basis for the
construction of several nuclear reactors at Hanford, Washington. By 1944,
these were producing plutonium in kilogram quantities.

At the University of Cdifornia a Berkeley, under the leadership of
Ernest O. Lawrence, the electromagnetic separation “cautron” process for
isolating U235 was perfected, and government production plants at Oak
Ridge, Tennessee, were built in 1943. At Columbia University, the gaseous
diffusion process for isotope separation was studied, forming the basis for
the present production system, the first units of which were built at Oak
Ridge. At Los Alamos, New Mexico a research laboratory was established
under the direction of J. Robert Oppenheimer. Theory and experiment led to
the development of the nuclear weapons, first tested at Alamogordo, New
Mexico, on July 16, 1945, and later used a Hiroshima and Nagasaki in
Japan.

The brevity of this account fails to describe adequately the dedication of
scientists, engineers, and other workers to the accomplishment of national
objectives, or the magnitude of the design and congtruction effort by
American industry. Two questions are inevitably raised. Should the atom
bomb have been developed? Should it have been used? Some of the
scientists who worked on the Manhattan Project have expressed their
feding of guilt for having participated. Some insst that a lesser
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demongtration of the destructive power of the weapon should have been
arranged, which would have been sufficient to end the conflict. Many others
believed that the security of the United States was threatened and that the
use of the weapon shortened World War 1l greatly and thus saved a large
number of lives on both sides. In the ensuing years the buildup of nuclear
weagpons continued in spite of efforts to achieve disarmament. The
dismantlement of excess weapons will require many years. It is of some
comfort, abeit smal, that the existence of nuclear weapons has served for
several decades as a deterrent to a direct conflict between major powers.

The discovery of nuclear energy has a potential for the betterment of
mankind through fisson and fuson energy resources, and through
radioisotopes and their radiation for research and medica purposes. The
benefits can outweigh the detriments if mankind is intelligent enough not to
use nuclear weapons again.

15.4 Reactor Research and Development

One of the firgt important events in the U.S. after World War Il ended
was the creation of the United States Atomic Energy Commission. This
civilian federal agency was charged with the management of the nation’s
nuclear programs, including military protection and development of
peaceful uses of the atom. Several national laboratories were established to
continue nuclear research, a sites such as Oak Ridge, Argonne (near
Chicago), Los Alamos, and Brookhaven (on Long Idand). A magor
objective was to achieve practical commercial nuclear power through
research and development. Oak Ridge first studied a gas-cooled reactor and
later planned a high-flux reactor fueled with highly enriched uranium
alloyed with and clad with duminum, using water as moderator and
coolant. A reactor was eventually built in Idaho as the Materials Testing
Reactor. The submarine reactor described in Section 20.1 was adapted by
Westinghouse Electric Corporation for use as the first commercia power
plant a Shippingport, Pennsylvania. It began operation in 1957 a an
electric power output of 60 MW. Uranium dioxide pellets as fuel were first
introduced in this pressurized water reactor (PWR) design.

In the decade of the 1950s severa reactor concepts were tested and
dropped for various reasons (see References). One used an organic liquid
diphenyl as a coolant on the basis of a high boiling point. Unfortunately,
radiation caused deterioration of the compound. Another was the
homogeneous aqueous reactor, with a uranium sdt in water solution that
was circulated through the core and heat exchanger. Deposits of uranium
led to excess heating and corrosion of wall materias. The sodium-graphite
reector had liquid meta coolant and carbon moderator. Only one
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commercia reactor of this type was built. The high-temperature gas-cooled
reactor, developed by Genera Atomics, has not been widely adopted, but is
a potentia aternative to light water reactors by virtue of its graphite
moderator, helium coolant, and uranium-thorium fuel cycle.

Two other reactor research and development programs were under way
a Argonne over the same period. The first program was aimed at achieving
power plus breeding of plutonium, using the fast reactor concept with liquid
sodium coolant. The first electric power from a nuclear source was
produced in late 1951 in the Experimenta Breeder Reactor, and the
possibility of breeding was demonstrated. The second program consisted of
an investigation of the possibility of alowing water in a reactor to boil and
generate steam directly. The principal concern was with the fluctuations and
instability associated with the boiling. Tests called BORAX were performed
that showed that a boiling reactor could operate safely, and work proceeded
that led to electrica generation in 1955. The Genera Electric Company
then proceeded to devel op the boiling water reactor (BWR) concept further,
with the first commercia reactor of this type put into operation at Dresden,
[llinois in 1960.

On the basis of the initial success of the PWR and BWR, and with the
gpplication of commercid design and congruction  know-how,
Westinghouse and General Electric were able, in the early 1960s, to
advertise large-scale nuclear plants of power around 500 MWe that would
be competitive with fossi| fud plants in the cost of eectricity. Immediately
thereafter, there was a rapid move on the part of the electric utilities to order
nuclear plants, and the growth in the late 1960s was phenomenal. Orders for
nuclear steam supply systems for the years 1965-1970 inclusive amounted
to around 88 thousand MWe, which was more than a third of al orders,
including fossil fueled plants. The corresponding nuclear eectric capacity
was around a quarter of the total United States capacity at the end of the
period of rapid growth.

After 1970 the rate of ingtdlation of nuclear plants in the U.S. declined,
for a variety of reasons. (a) the very long time required- greater than 10
years-to design, license, and construct nuclear facilities, (b) the energy
conservation measures adopted as a result of the Arab oil embargo of 1973-
74, which produced a lower growth rate of demand for electricity; and (c)
public opposition in some areas. The last order for nuclear plants was in
1978; a number of orders were canceled; and construction was stopped
prior to completion on others. The tota nuclear power capacity of the 104
U.S. reactors in operation by 2000 was 98,030 MW, representing more than
20% of the total electrical capacity of the wuntry. In other parts of the
world there were 330 reactors in operation with 252,412 MW capacity.
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This large new power source was put in place in arelatively brief period
of 40 years following the end of World War 1I. The endeavor reveded a
new concept- that large-scade nationa technologica projects could be
undertaken and successfully completed by the application of large amounts
of money and the organization of the efforts of many sectors of society. The
nuclear project in many ways served as amaode for the U.S. space program
of the 1960s. The important lesson that the history of nuclear energy
development may have for us is that urgent national and world problems
can be solved by wisdom, dedication, and cooperation.

For economic and politicad reasons, there developed considerable
uncertainty about the future of nuclear power in the United States and many
other countries of the world. In the next section we shall discuss the nuclear
controversy, and later describe the dimensions of the problem and its
solution in coming decades.

15,5 The Nuclear Controversy

The popularity of nuclear power decreased during the decades of the
1970s and 1980s, with adverse public opinion threatening to prevent the
congtruction of new reactors. We can attempt to analyze this situation,
explaining causes and assessing effects.

In the 1950s nuclear power was heralded by the Atomic Energy
Commission and the press as inexpensive, inexhaustible, and safe. Congress
was highly supportive of reactor development, and the general public
seemed to fedl that great progress toward a better life was being made. In
the 1960s, however, a series of events and trends raised public concerns and
began to reverse the favorable opinion.

First was the youth movement against authority and constraints. In that
generation’s search for a smpler and more primitive or “natura” life style,
the use of wood and solar energy was preferred to energy based on the high
technology of the “establishment.” Another target for opposition was the
military-industrial complex, blamed for the generaly unpopular Viet Nam
War. A 1980s version of the anti-establishment philosophy advocated
decentrdization of government and industry, favoring smal localy
controlled power units based on renewable resources.

Second was the 1960s environmental movement, which revealed the
extent to which indugtrial pollution in general was affecting wildlife and
human beings, with its related issue of the possible contamination of air,
water, and land by accidental releases of radioactivity from nuclear reactors.
Continued revelations about the extent of improper management of
hazardous chemical waste had a side-effect of creating adverse opinion
about radioactive wastes.
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Third was a growing loss of respect for government, with public
disllusonment becoming acute as an aftermath of the Watergate affair.
Concerned observers cited actions taken by the AEC or the DOE without
informing or consulting those affected. Changes in policy about radioactive
waste management from one administration to another resulted in inaction,
interpreted as evidence of ignorance or ingptness. A common opinion was
that no one knew what to do with the nuclear wastes.

A fourth development was the confusion created by the sharp
differences in opinion among scientists about the wisdom of developing
nuclear power. Nobel prize winners were arrayed on both sides of the
argument; the public understandably could hardly fal to be confused and
worried about where the truth lay.

The fifth was the fear of the unknown hazard represented by reactors,
radioactivity, and radiation. It may be agreed that an individual has a much
greater chance of dying in an automobile accident than from exposure to
falout from a reactor accident. But since the hazard of the roads is familiar,
and believed to be within the individua’s control, it does not evoke nearly
as great concern as does a nuclear event.

The sixth was the association between nuclear power and nuclear
wegpons. This is in part inevitable, because both involve plutonium, employ
the physical process of fisson with neutrons, and have radioactive
byproducts. On the other hand, the connection has been cultivated by
opponents of nuclear power, who stress the similarities rather than the
differences.

As with any subject, there is a spectrum d opinions. At one end are the
dedicated advocates, who believe nuclear power to be safe, badly needed,
and capable of success if only opposition can be reduced. A large
percentage of physicad scientists and engineers fall in this category,
believing that technical solutions for most problems are possible.

Next are those who are technically knowledgeable but are concerned
about the ability of man to avoid reactor accidents or to design and build
safe waste facilities. Depending on the strength of their concerns, they may
believe that consequences outweigh benefits.

Next are average citizens who are suspicious of government and who
believe in “Murphy’s law,” being aware of failures such as Love Cand,
Three Mile Idand, the 1986 space shuttle, and Chernobyl. They have been
influenced as well by strong antinuclear claims, and tend to be opposed to
further nuclear power development, although they recognize the need for
continuous electric power generation.

At the other end of the spectrum are ardent opponents of nuclear power
who actively speak, write polemics, intervene in licensing hearings, lead
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demongtrations, or take physical action to try to prevent power plants from
coming into being.

There is a variety of attitudes among representatives of the news and
entertainment media- newspapers, magazines, radio, televison and
movies- but there is an apparent tendency toward skepticism. Nuclear
advocates are convinced that any incident involving reactors or radiation is
given undue emphasis by the media. They believe that if people were
adequately informed they would find nuclear power acceptable. This view
is only partiadly accurate, for two reasons. (@) some technically
knowledgeable people are strongly antinuclear; and (b) irrationa fears
cannot be removed by additional facts. Many people have sought to analyze
the phenomenon of nuclear fear, but the study by Weart (see References) is
one of the best.

The eventua public acceptance of nuclear power will have to be based
on the redlization that it is a necessary part of the world's energy supply and
the recognition of an extended record of safe, reliable, and economic
performance.

156 Summary

A series of investigations in atomic and nuclear physics in the period
1879-1939 led to the discovery of fisson. New knowledge was developed
about particles and rays, radioactivity, and the structures of the atom and the
nucleus. The existence of fisson suggested that a chain reaction involving
neutrons was possible, and that the process had military significance. A
major national pogram was initiated in the U.S. during World War I1. The
development of uranium isotope separation methods, of nuclear reactors for
plutonium production, and of weapons technology culminated in the use of
atomic bombs to end the war.

In the post-war period emphasis was placed on maintenance of nuclear
protection and on peaceful applications of nuclear processes under the U.S.
Atomic Energy Commission. Four reactor concepts- the pressurized water,
boiling water, fast breeder, and gas-cooled- evolved through work by
nationa laboratories and industry. The first two concepts were brought to
commercia status in the 1960s.

Support for nuclear power has waned since the early days, but sustained
safe and economical operation may restore public confidence.
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Biological Effects of Radiation

ALL LIVING species are exposed to a certain amount of natural radiation in
the form of particles and rays. In addition to the sunlight, without which life
would be impossible to sustain, dl beings experience cosmic radiation from
Space outside the earth and natural background radiation from materials on
the earth. There are rather large variations in the radiation from one place to
another, depending on mineral content of the ground and on the elevation
above sea level. Man and other species have survived and evolved within
such an environment in spite of the fact that radiation has a damaging effect
on hiological tissue. The situation has changed somewhat by the discovery
of the means to generate high-energy radiation, using various devices such
as X-ray machines, particle accelerators, and nuclear reactors. In the
assessment of the potential hazard of the new manmade radiation,
comparison is often made with levels in naturaly occurring background
radiation.

We shal now describe the biologica effect of radiation on cells, tissues,
organs, and individuals, identify the units of measurement of radiation and
its effect, and review the philosophy and practice of setting limits on
exposure. Specid attention will be given to regulations related to nuclear
power plants.

A brief summary of modern biologica information will be useful in
understanding radiation effects. As we know, living beings represent a great
variety of species of plants and animals; they are al composed of dls,
which carry on the processes necessary to survival. The smplest organisms
such as agae and protozoa condst of only one cel, while complex beings
such as man are composed of specialized organs and tissues that contain
large numbers of cells, examples of which are nerve, muscle, epithdial,
blood, skeletal, and connective. The principa components of a cell are the
nucleus as control center, the cytoplasm containing vital substances, and the
surrounding membrane, as a porous cel wal. Within the nucleus are the
chromosomes, which are long threads containing hereditary material. The
growth process involves a form of cell multiplication cdled mitosis-in
which the chromosomes separate in order to form two new cells identical to
the origina one. The reproduction process involves a cell divison process
cdled meiosis-in which germ cells are produced with only half the

210



Physiological Effects 211

necessary complement of chromosomes, such that the union of sperm and
egg creates a complete new entity. The laws of heredity are based on this
process. The genes are the distinct regions on the chromosomes that are
responsible for inheritance of certain body characteristics. They are
constructed of a universal molecule called DNA, a very long spiral staircase
structure, with the stairsteps consisting of paired molecules of four types
(see References). Duplication of cells in complete detail involves the
splitting of the DNA molecule dong its length, followed by the
accumulation of the necessary materias from the cell to form two new
ones. In the case of man, there are 46 chromosomes, containing about four
billion of the DNA molecule steps, in an order that describes each unique

person.

16.1 Physiological Effects

The various ways that moving particles and rays interact with matter
discussed in earlier chapters can be reexamined in terms of biologica
effect. Our emphasis previoudy was on what happened to the radiation.
Now, we are interested in the effects on the medium, which are viewed as
“damage’ in the sense that disruption of the origina structure takes place,
usudly by ionization. We saw that energetic electrons and photons are
capable of removing eectrons from an atom to create ions; that heavy
charged particles dow down in matter by successive ionizing events; that
fast neutrons in dowing impart energy to target nuclei, which in turn serve
as ionizing agents; and that capture of a dow neutron results in a gamma
ray and anew nucleus. The distinction is made between low LET (electrons
and gamma rays) and high LET (a pha particles and neutrons).

As a good rule of thumb, 32 eV of energy is required on average to
cregte an ion pair. This figure is rather independent of the type of ionizing
radiation, its energy, and the medium through which it passes. For ingtance,
a sngle 4-MeV apha m@rticle would release about 10° ion pairs before
stopping. Part of the energy goes into molecular excitation and the
formation of new chemicals. Water in cells can be converted into free
radicals such as H, OH, H,O,, and HO,. Since the human body is largely
water, much of the effect of radiation can be attributed to the chemical
reactions of such products. In addition, direct damage can occur, in which
the radiation strikes certain molecules of the cells, especialy the DNA that
controls al growth and reproduction. Turner (see References) displays
computer-generated diagrams of ionization effects.

The most important point from the biologica standpoint is that the
bombarding particles have energy, which can be transferred to atoms and
molecules of living cdls, with a disruptive effect on their normal function.
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Since an organism is composed of very many cells, tissues, and organs, a
disturbance of one atom is likely to be imperceptible, but exposure to many
particles or rays can alter the function of a group of cells and thus affect the
whole system. It is usualy assumed that damage is cumulative, even though
some accommodation and repair takes place.

The physiologica effects of radiation may be classified as somatic,
which refers to the body and its state of hedlth, and genetic, involving the
genes that transmit hereditary characteristics. The somatic effects range
from temporary skin reddening when the body surface is irradiated, to alife
shortening of an exposed individua due to general impairment of the body
functions, to the initiation of cancer in the form of tumors in certain organs
or as the blood disease, leukemia. The term “radiation sickness’ is loosely
applied to the immediate effects of exposure to very large amounts of
radiation. The genetic dfect consists of mutations, in which progeny are
significantly different in some respect from their parents, usudly in ways
that tend to reduce the chance of survival. The effect may extend over many
generations.

Although the amount of ionization produced by radiation of a certain
energy is rather constant, the biological effect varies greatly with the type of
tissue involved. For radiaion of low penetrating power such as a particles,
the outside skin can receive some exposure without serious hazard, but for
radiation that penetrates tissue readily such as Xrays, gamma rays, and
neutrons, the critical parts of the body are bone marrow as blood-forming
tissue, the reproductive organs, and the lenses of the eyes. The thyroid
gland is important because of its affinity for the fisson product iodine,
while the gastrointestina tract and lungs are sendtive to radiation from
radioactive substances that enter the body through eating or breathing.

If a radioactive substance enters the body, radiation exposure to organs
and tissues will occur. However, the foreign substance will not deliver al of
its energy to the body because of partiad eimination. If there are N atoms
present, the physical decay rate is | N and the biologica dimination rate is
| ,N. Thetotd rateis| (N, where the effective decay constant is

le=1 + 1.

The corresponding relation between half-livesis
1/te: 1/tH + 1/tb

For example, iodine-131 has an 8day physcd hdf-life and a 4-day
biologicd hdf-life for the thyroid gland. Thus its effective haf-lifeis 2 2/3

days.

16.2 Radiation Dose Units
A number of speciadized terms need to be defined for discussion of
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biologica effects of radiation. Firgt is the absorbed dose (D). This is the
amount of energy in joules imparted to each kilogram of exposed biological
tissue, and it appears as excitation or ionization of the molecules or atoms
of the tissue. The SI unit of dose is the gray (Gy) which is 1 Jkg. To
illugtrate, suppose that an adult's gastrointestina tract weighing 2 kg
receives energy of amount 6 ~ 10° J as the result of ingesting some
radioactive material. The dose would be
D=(6" 10°J)/(2kg) =3~ 10° Jkg
=37 10° Gy.

An older unit of energy absorption is the rad, which is 0.01 Jkg, i.e, 1
Gy = 100 rads. The above dose to the GI tract would be 0.003 rads or 3
millirads.

The biological effect of energy deposition may be large or smal
depending on the type of radiation. For instance a rad dose due to fast
neutrons or apha particles is much more damaging than a rad dose by X-
rays or gammarays. In general, heavy particles create a more serious effect
than do photons because of the greater energy loss with distance and
resulting higher concentration of ionization. The dose equivalent (H) as the
biologicaly important quantity takes account of those differences by
scaling the energy absorption up by a quality factor (QF), with valuesasin
Table 16.1.

TaBLE16.1
Quality Factors
(NRC 10CFR20, see References)

X-rays, gammarays, beta particles 1
Thermal neutrons (0.025 €V) 2
Neutrons of unknown energy 10
High energy protons 10
Heavy ions, including alpha particles 20
Thus
H = (D)(QF).

If the D is expressed in Gy, then H isin sieverts (Sv); if the D isinrads,
then H isin rems. Suppose that the gastrointestinal tract dose were due to
plutonium, an apha particle emitter. The equivalent dose would then be
(20) (3 ~ 10°) =6 ~ 10" Sv or 0.6 mSv. Alternatively, the H would be
(20)(0.003) = 0.06 rems or 60 millirems. In scientific research and the
analysis of biologica effects of radiation the Sl units gray and sievert are
used; in nuclear plant operation, rads and rems are more commonly used.
Summarizing, conversion factors commonly needed:

1 gray (Gy) = 100 rads
001Gy =1rad



214 Biological Effects of Radiation

1 severt (Sv) = 100 rems

10 mSv =1rem
1 mSv =100 mrems
10 nBv = 1 mrem.

The great variety of radioactivity and radiation units is confusing, and a
source of much time and effort to convert between systems. Although it
would be desirable to switch completely to the newer units, it is unrealistic
to expect it to happen. The U.S. at least will long be burdened with a dua
system of units. We will frequently include the newer units in parentheses.
Asamemory device, let Severts be $ and rems be ¢.

Computer Exercise 16.B makes use of the program RADOSE to
conveniently trandate numbers from a technical article.

The long-term effect of radiation on an organism aso depends on the
rate at which energy is deposited. Thus the dose rate, expressed in
convenient units such as rads per hour or millirems per year, is used. Nate
that if dose is an energy, the dose rate is a power.

We shdll describe the methods of calculating dosage in Chapter 21. For
perspective, however, we can cite some typical figures. A single sudden
exposure that gives the whole body of a person 20 rems (0.2 Sv) will give
no perceptible clinica effect, but a dose of 400 rems (4 Sv) will probably
be fatal; the typica annua natural radiation exposure of the average citizen
including radon is 295 millirems, medicad and dentd applications give
another 54, with dl other sources 11, giving a tota of 360 millirems (3.6
SV). Fig. 16.1 shows the distribution by percentages. Earlier literature on
radiation protection cited typica annual dose figures of 100 mrems (0.1
rem), but in recent times the effect of radon amounting to around 200
mrems/y has been included. Computer Exercise 16.A addresses the buildup

Cosmic 27 millirems 8%

Rocks and soil
28 millirems B%

From inside homan body
40 millirems 11%

Eadon

200 millirems 3 Medical X-rays
55% \ 19 millirems 11%

Muclear medicine
14 millirems 4%

Consamer products
10 millirems 3%

Others less than 1%

Gray area is
manmade radiation

Fie. 16.1  Annual average radiation exposure to an individual in the U.5. The total is 360
millirems (NCRP 93, 1958)
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of radon in an enclosed space without ventilation.

There is awide variation of annua dose around the world. According to
Eisenbud (see References, Chapter 3) in countries such as India and Brazil
the presence of thorium gives exposures of about 600 mremsly, and many
waters at health spas give rates that are orders of magnitude higher.

The amounts of energy that result in biological damage are remarkably
small. A gamma dose of 400 rems, which is very large in terms of
biologicd hazard, corresponds to 4 Jkg, which would be insufficient to
raise the temperature of a kilogram of water as much as 0.001°C. This fact
shows that radiation affects the function of the cells by action on certain
molecules, not by a genera heating process.

16.3 Basis for Limits of Exposure

A typica bottle of aspirin will specify that no more than two tablets
every four hours should be administered, implying that a larger or more
frequent “doseg” would be harmful. Such a limit is based on experience
accumulated over the years with many patients. Although radiation has
medica benefit only in certain treatment, the idea of the need for alimit is
smilar.

As we seek to clean up the environment by controlling emissions of
waste products from indudtrial plants, cities, and farms, it is necessary to
specify water or air concentrations of materials such as sulfur or carbon
monoxide that ae below the level of danger to living beings. 1dedly, there
would be zero contamination, but it is generally assumed that some releases
are inevitable in an indudtrialized world. Again, limits based on knowledge
of effects on living beings must be set.

For the establishment of limits on radiation exposure, agencies have
been in existence for many years. Examples are the Internationa
Commission on Radiological Protection (ICRP), and the Nationa Council
on Radiation Protection and Measurements (NCRP). Their generd
procedure is to study data on the effects of radiation and to arrive at
practica limits that take account of both risk and benefit of using nuclear
eguipment and processes.

Extensive studies of the survival of colonies of cells exposed to radiation
have led to the conclusion that double-strand breaks in DNA are responsible
for cell damage. Hall (see References) shows diagrams of various types of
breaks. Much of the research was prompted by the need to know the best
way to administer radiation for the treatment of cancer. A formula for the
number of breaks N as afunction of dose D is

N = aD + bD?

where the first term refers to the effect of a single particle, the second to
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that of two successive particles. Thisis the so-called linear-quadratic model.
Thefraction S of the cells surviving adose D is deduced to be
S=exp(-pN)

where p is the probability that a break causes cell death. The formula is
somewhat andogous to that for radioactive decay or the burnup of an
isotope. Cell surviva data ae fitted to graphs where near zero dose, the
curveislinear.

There have been many studies of the effect of radiation on animals other
than man, starting with early observations of genetic effects on fruit flies.
Small mammals such as mice provide a great dea of data rapidly. Since
controlled experiments on man are unacceptable, most of the available
information on somatic effects comes from improper practices or accidents.
Data are available, for example, on the incidence of sickness and death from
exposure of workers who painted radium on luminous-dia watches or of
doctors who used X-rays without proper precautions. The number of serious
radiation exposures in the nuclear industry is too small to be of use on a
satistical basis. The principa source of information is the comprehensive
study of the victims of the atomic bomb explosions in Japan in 1945.
Continued studies of effects are being made (see RERF in References). The
incidence of fatalities as a function of dose is plotted on a graph similar to
Fig. 16.2a where the data are seen to lie only in the high dosage range. In
the range below 10 rads, there is no statistical indication of any increase in
incidence of fataities over the number in unexposed populations. The
nature of the curve in the low dose range is unknown, and one could draw
the curves labeled “unlikely” and “likely” as in Fig. 16.2b. The use of the
linear-quadratic model for effect vs. dose leads to the curve labeled
“likely,” but in order to be conservative, i.e, to overestimate effects of
radiation in the interests of providing protection, organizations such as
NCRP (see References) support a linear extrapolation through zero, the
“assumed” linear no threshold (LNT) curve. Other organizations such as
the American Nuclear Society and BELLE (see References) believe that
there is insufficient evidence for such assumptions. Critics such as RSH
(see References) believe that the insistence on conservatism and the
adoption by the NRC of the LNT recommendation causes an unwarranted
expense for radiation protection. The ethics of usng the LNT is cdled
into question by one writer (see References).

There is evidence that the biologica effect of a given dose administered
amost ingtantly is greater than if it were given over a long period of time.
In other words, the hazard is less for low dose rates, presumably because
the organism has the ability to recover or adjust to the radiation effects. If,
for example (see Exercise 16.2), the effect actualy varied as the square of
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the dose, the linear curve would overestimate the effect by afactor of 100 in
the vicinity of 1 rem. Although the hazard for low dose rates is smdl, and
there is no clinica evidence of permanent injury, it is not assumed that there
is a threshold dose, i.e, one below which no biologica damage occurs.
Instead, it is assumed that there is aways some risk. The linear hypothesis
isretained, in spite of the likelihood that it is overly conservative.

The basic question then faced by standards-setting bodies is “what is the
maximum acceptable upper limit for exposure?’ One answer is zero, on the
grounds that any radiation is deleterious. The view is teken that it is
unwarranted to demand zero, as both maximum and minimum, because of
the benefit from the use of radiation or from devices that have potentia
radiation as a byproduct.

The limits adopted by the Nuclear Regulatory Commisson for use
starting January 1, 1994 are 5 remsly (0.05 Sv/y) for tota body dose of
adult occupational exposure. Alternative limits for worker dose are 50
remsly (0.5 Svly) to any individua organ or tissue other than the eye, 15
remsly (0.15 Svly) for the eye, and 50 remsly (0.5 Sv/y) to the skin or any
extremity. In contrast, the limits for individua members of the public are
set a 0.1 remsly (1 mSvly), i.e, 2 percent of the worker dose. These
figures take account of all radiation sources and all affected organs.

For the specia case of the site boundary of alow-level radioactive waste
disposa facility, NRC specifies a lower figure for the generd public, 25
mremsly (0.25 mSvly), and for a nuclear power plant, a ill lower 3
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mremsly (0.03 mSvly).

The occupational dose limits are considerably higher than the average
U.S. citizen’'s background dose of 0.36 remsly, while those for the public
are only a fraction of that dose. The National Academy of Sciences
Committee on the Biological Effects of lonizing Radiation anayzes new
data and prepares occasional reports, such as BEIR V (see References). In
the judgment of that group, the lifetime increase in risk of a radiation-
induced cancer fatality for workers using the official dose limitsis 8 ~ 10
per rem, and the NRC and other organizations assume half of that figure, 4
x 10* per rem. However, since the practice of maintaining doses as low as
reasonably achievable (ALARA) in nuclear facilities keeps doses well
below the limit, the increase in chance of cancer is only a few percent.
Measured dose figures have decreased considerably over the years, as
reported by the Institute of Nuclear Power Operations. Table 16.2 showsthe
trend.

TABLE16.2
Median Radiation Dose in Nuclear Power Plants
Year Dose (man-rems per unit)
1984 591
1986 344
1988 320
1990 331
1992 251
1994 217
1996 162
1998 119

For the genera public, the radiation exposure from nuclear power plants is
negligible in comparison with other hazards of existence.

It has been said that knowledge about the origins and effects of radiation
is greater than that for any chemical contaminant. The research over
decades has led to changes in acceptable limits. In the very early days, soon
after radioactivity and X-rays were discovered, no precautions were taken,
and indeed radiation was thought to be hedthful, hence the popularity of
radioactive caves and springs that one might frequent for health purposes.
Later, reddening of the skin was a crude indicator of exposure. Limits have
decreased a great dea in recent decades, making the older literature
outdated. A further complication is the development cycle: research and
analysis of effects; discussion, agreement, and publication of conclusions as
by ICRP and NCRP; and proposa, review, and adoption of rules by an
agency such asthe U.S. Nuclear Regulatory Commission (NRC). This cycle
requires condderable time. For example, recommendations made in 1977
were not put into effect until 1994, leaving some later suggested
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modifications in limbo. The time lag can sometimes be different for various
applications, leading to apparent incond stencies.

16.4 Sources of Radiation Dosage

The term “radiation” has come to imply something mysterious and
harmful. We shdl try to provide here a more redlistic perspective. The key
points are that (a) people are more familiar with radiation than they believe;
(b) there are sources of natural radiation that parallel the mar-made sources;
and (c) radiation can be both beneficia and harmful.

Fird, solar radiation is the source of heat and light that supports plant
and anima life on earth. We use its visible rays for sight; the ultraviolet
rays provide vitamin D, cause tanning, and produce sunburn; the infrared
rays give us warmth; and finaly, solar radiation is the ultimate source of al
weather. Manrmade devices produce electromagnetic radiation that is
identica physically to solar, and has the same biologica effect. Familiar
equipment includes microwave ovens, radio and TV transmitters, infrared
heat lamps, ordinary lightbulbs and fluorescent lamps, ultraviolet tanning
sources, and X-ray machines. The gamma rays from nuclear processes have
higher frequencies and thus greater penetrating power than X-rays, but are
no different in kind from other electromagnetic waves.

In recent years, concern has been expressed about a potential cancer
hazard due to electromagnetic fields (EMF) from 60 Hz sources such as
power lines or even household circuits or appliances. Biologica effects of
EMF on lower organisms have been demonstrated, but research on
physiologica effects on humans is inconclusive, and is continuing. More
recently, concerns have arisen about the possibility of brain tumors caused
by cell phone use.

Human beings are continualy exposed to gamma rays, beta particles,
and a particles from radon and its daughters. Radon gas is present in homes
and other buildings as a decay product of natural uranium, a minera
occurring in many types of soil. Neutrons as a part of cosmic radiation
bombard al livings things.

If is often sad that al nuclear radiation is harmful to biologica
organisms. There is evidence, however, that the statement is not quite true.
First, there appears to be no increase in cancer incidence in the geographic
areas where natural radiation background is high. Second, in the application
of radiation for the treatment of disease such as cancer, advantage is taken
of differences in response of normal and abnormal tissue. The net effect in
many cases is benefit to the patient. Third, it is possble that the
phenomenon of hormesis occurs with small doses of radiation. The medical
term refers to positive effects of small amounts of substances such as
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hormones or enzymes that would be harmful a high doses. The topic is of
broader interest in that there are toxic agents, drugs, and natural products
that give paradoxical effects. The organizations BELLE and RSH (see
References) are dedicated to investigating the phenomenon. A book by
Luckey (see References) is devoted to the subject. In Chapter 21 we will
discuss radiation protective measures and the application of
regulatory limits on exposure.

16.5 Summary

When radiation interacts with biologica tissue, energy is deposited and
ionization takes place that causes damage to cells. The effect on organisms
is somatic, related to body heath, and genetic, related to inherited
characteristics. Radiation dose equivalent as a biologically effective energy
deposition per gram is usualy expressed in rems, with natural background
giving about 0.36 rem/y. Exposure limits are set by use of data on radiation
effects a high dosages with a conservative linear hypothesis applied to
predict effects at low dose rates. Such assumptions have been
questioned.

16.6 Exercises

16.1. A beam of 2MeV alpha particles with current density 10° cm2-s%, is stopped in a
distance of 1 cm in air, number density 2.7 ~ 10' cm®. How many ion pairs per cm® are
formed? What fraction of the targets experience ionization?

16.2. If the chance of fatality from radiation dose is taken as 0.5 for 400 rems, by what factor
would the chance at 2 rems be overestimated if the effect varied as the square of the dose
rather than linearly?

16.3. A worker in a nuclear laboratory receives a whole-body exposure for 5 minutes by a
therma neutron beam at a rate 20 millirads per hour. What dose (in mrads) and dose
equivdent (in mrems) does he receive? What fraction of the yearly dose limit of 5000
mremsly for an individual isthis?

16.4. A person receives the following exposures in millirems in a year: 1 medical X-ray,
100; drinking water 50; cosmic rays 30; radon in house 150; K-40 and other isotopes 25;
airplane flights 10. Find the percentage increase in exposure that would be experienced if he
aso lived a a reactor site boundary, assuming that the maximum NRC radiation level
existed there.

16.5. A plant worker accidentally breathes some stored gaseous tritium, a beta emitter with
maximum particle energy 0.0186 MeV. The energy absorbed by the lungs, of total weight |
kg, is 4 ©~ 10° J. How many millirems dose equivalent was received? How many
millisieverts? (Note: The average beta energy is one- third of the maximum).

16.6. If a radioisotope has a physical haf-life t; and abiologica haf-lifet,, what fraction of
the substance decays within the body? Calculate that fraction for 8day I-131, biological
half-life 4 days.

Computer Exercises

16.A. A room with concrete walls is constructed using sand with a small uranium content,
such that the concentration of radium-226 (1599 y) is 10° atoms per cm®. Normally, the room
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is well-ventilated so the gaseous radon-222 (3.82 d) is continually removed, but during a
holiday the room is closed up. Using the parent-daughter computer program RADIOGEN
(Chapter 3), calculate the trend in air activity due to Rn-222 over aweek’s period, assuming
that half of the radon enters the room. Data on the room: 10 ft x 10 ft x 10 ft, walls 3 in.
thick.

16.B. A mixture of radiation and radioactivity units are used in an article on high natura
doses (IAEA Vol. 33, No. 2, 1991, p. 36), asfollows:

(a) average radiation exposure in the world, 2.4 mSvly.

(b) average radiation exposure in SW. India, 10 mGyly.

(c) high outdoor dose in Iran, 9 mrems/h.

(d) radon concentration at high altitudesin Iran, 37 kBg/m®.

(e) radon concentration in Czech houses, 10 kBg/m®.

(f) high outdoor dose in Poland, 190 nGy/h.
Using the computer program RADOSE, which converts numbers between units, find what
the numbers mean in the familiar U.S. units mrems/y or pCi/1.
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Information from Isotopes

The applications of nuclear processes can be divided into three basic
classes- military, power, and radiation. In a conferencet shortly after the
end of World War |1 the famous physicist Enrico Fermi discussed potentia
applications of radioisotopes. He then said, “It would not be very surprising
if the stimulus that these new techniques will give to science were to have
an outcome more spectacular than an economic and convenient energy
source or the fearful destructiveness of the atomic bomb.”

Perhaps Fermi would be surprised to see the extent to which
radioisotopes have become a part of research, medicine, and industry, as
described in the following sections.

Many important economic and socia benefits are derived from the use
of isotopes and radiation. The discoveries of modern nuclear physics have
led to new ways to observe and measure physical, chemical, and biologica
processes, providing the strengthened understanding so necessary for man’'s
survival and progress. The ability to isolate and identify isotopes gives
additional versatility, supplementing techniques involving eectricd,
optical, and mechanica devices.

Specia isotopes of an element are distinguishable and thus tracesble by
virtue of their unique weight or their radioactivity, while essentidly
behaving chemically as do the other isotopes of the element. Thus it is
possible to measure amounts of the element or its compounds and trace
movement and reactions.

When one considers the thousands of stable and radioactive isotopes
available and the many fidds of science and technology that require
knowledge of process details, it is clear that a catalog of possible isotope
uses would be voluminous. We shdl be able here only to compare the
merits of stable and radioactive species, to describe some of the specia
techniques, and to mention a few interesting or important applications of
isotopes.

T Enrico Fermi, “Atomic Energy for Power,” in Science and Civilization, The Future of
Atomic Energy, McGraw-Hill, New Y ork, 1946.
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17.1 Stable and Radioactive Isotopes

Stable isotopes, as their name suggests, do not undergo radioactive
decay. Most of the isotopes found in nature are in this category and appear
in the element as a mixture. The principa methods of separation according
to isotopic mass ae electromagnetic, as in the large-scale mass
spectrograph; and thermal-mechanicad, as in the didtillation or gaseous
diffusion processes. Important examples are isotopes of elements involved
in biological processes, eg. deuterium and oxygenl8. The main
advantages of stable isotopes are the absence of radiation effects in the
specimens under study, the availability of an isotope of a chemical for
which a radioactive species would not be suitable, and freedom from
necessity for speed in making measurements, since the isotope does not
decay in time. Their disadvantage is the difficulty of detection.

Radioactive isotopes, or radioisotopes, are available with a great variety
of haf-lives, types of radiation, and energy. They come from three main
sources- charged particle reactions in an accelerator, neutron bombardment
in areactor, and separated fisson products. Among the principal sources of
stable and longer-lived isotopes are the U. S. Department of Energy (see
References), MDS Nordion of Canada, and Russia. A number of cyclotrons
that generate radioisotopes are located at hospitals. The main advantages of
using radioisotopes are ease of detection of their presence through the
emanations, and the uniqueness of the identifying haf-lives and radiation
properties. We shal now describe severa specid methods involving
radioisotopes and illudtrate their use.

17.2 Tracer Techniques

The tracer method congists of the introduction of a small amount of an
isotope and the observation of its progress as time goes on. For instance, the
best way to apply fertilizer containing phosphorus to a plant may be found
by including minute amounts of the radioisotope phosphorus-32, hdf-life
14.28 days, emitting 1.7 MeV beta particles. Measurements of the radiation
a various times and locations in the plant by a detector or photographic
film provides accurate information on the rate of phosphorus intake and
deposition. Similarly, circulation of blood in the human body can be traced
by the injection of a harmless solution of radioactive sodium, Na-24, 14.96-
hour haf-life. For purposes of medicd diagnoss, it is desrable to
administer enough radioactive material to provide the needed data, but not
so much that the patient is harmed.

The flow rate of many materials can be found by watching the passage
of admixed radioisotopes. The concept is the same for flows as diverse as
blood in the body, oil n a pipeling, or pollution discharged into a river. As
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sketched in Fig. 17.1, asmall amount of radioactive materiad isinjected at a
point, it is carried aong by the stream, and its passage at a distance d away
a time t is noted. In the smplest Situation, the average fluid speed is d/t. It
is clear that the half-life of the tracer must be long enough for detectable
amounts to be present at the point of observation but not so long that the
fluid remains contaminated by radioactive material.

In many tracer measurements for biological or engineering purposes, the
effect of removing the isotope by other means besides radioactive decay
must be considered. Suppose, as in Fig. 17.2, that liquid flows in and out of
atank of volume V (cn?) at arate u (cm’/s). A tracer of initial amount Ny
atoms is injected and assumed to be uniformly mixed with the contents.
Each second, the fraction of fluid (and isotope) removed from the tank is
u/V, which serves as a flow decay constant | ¢ for the isotope. If radioactive
decay were small, the counting rate from a detector would decrease with
time as exp(-l it). From this trend, one can deduce either the speed of flow
or volume of fluid, if the other quantity is known. If both radioactive decay
and flow decay occur, the exponentia formula may aso be used but with
the effective decay constant | . = | + | ;. The composite effective haf-life
then can be found from the relationship

Ut = Uty + Uty

This formulais seen to be of the same form as the one developed in Section
16.1 for radioactive materias in the body. Here, the flow haf-life takes the
place of the biological half-life.

Soon after Watson and Crick explained the structure of DNA in 1951,
tracers P-13 and S35 were used to prove that genes were associated with
DNA molecules. Tritium-labeled thymidine, involved in the cel cycle, was
synthesized. The field of molecular biology expanded grestly since then,
leading to the Human Genome Project (see References), an international
effort to map the complete genetic structure of human beings, involving
chromosomes, DNA, genes, and protein molecules. Its purpose is to find
which genes cause various diseases and to enable gene therapy to be
applied. Part of the complex process of mapping is hybridization, in which a
particular point on the DNA molecule is marked by a radioactive or
fluorescent label.

Tracer
injection

Detector

[—} —_— Fluid flow speed v —— ]

| |
| d |

Fic. 17,1 Tracer measurement of flow rate.
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An outgrowth of genetic research is DNA fingerprinting, a method of
identifying individual persons, each of which (except for identica twins)
has a unique DNA structure. In one of the techniques a radioactive P-32
“probe’ provides distinguishing marks on an X-ray film (see References).
The process is used in crime investigation and court cases to help establish
guilt or innocence, and to give evidence in paternity disputes.

17.3 Radiopharmaceuticals

Radionuclides prepared for medical diagnosis and therapy are called
radiopharmaceuticals. They include a great variety of chemical species and
isotopes with hdf-lives ranging from minutes to weeks, depending on the
application. They are generdly gamma-ray emitters. Prominent examples
are technetium-99 (6.01 h), iodine-131 (8.04 d), and phosphorus-32 (14.28
d).

A radionuclide generator is a long-lived isotope that decays into a short-
lived nuclide used for diagnosis. The advantage over using the short-lived
isotope directly is that speed or reliability of shipment is not a factor. As
needed, the daughter isotope is extracted from the parent isotope. The
earliest example of such a generator was radium-226 (1599 y), decaying
into radon-222 (3.82 d). The most widely used one is molybdenum-99 (65.9
h) decaying to technetium-99m (6.01 h). The Tc-99m is said to be “milked”
from the Mo-99 “cow.” Tc-99m is the most widely used radioisotope in
nuclear medicine because of its favorable radiations and half-life.

Severa iodine isotopes are employed. One produced by a cyclotron is |-
123 (13.2 h). The accompanying isotopes |-124 (4.18 d) and 1-126 (13.0 d)
are undesirable impurities because of their energetic gamma rays. Two
fission products are I-125 (59.4 d) and 1-131 (8.04 d).

Table 17.1 illugtrates the variety of radionuclides used, their chemica
forms, and the organs studied.

Specidists in radiopharmaceuticals are called radiopharmacists, who are
concerned with the purity, suitability, toxicity, and radative characteristics
of the radioactive drugs they prepare.
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TaBLEL17.1

Radiopharmaceuticals used in Medical Diagnosis
Radionuclide Compound Use
Technetium-99m Sodium pertechnate Brain scanning
Hydrogen-3 Tritiated water Body water
lodine-131 Sodium iodide Thyroid scanning
Gold-198 Colloidal gold Liver scanning
Chromium-51 Serum abumin Gastrointestinal
Mercury-203 Chlormerodrin Kidney scanning
Sdenium-75 Selenomethionine Pancreas scanning
Strontium-85 Strontium nitrate Bone scanning

17.4 Medical Imaging

Administering a suitable radiopharmaceutical to a patient results in a
selective deposit of the radioactive materia in the tissue or organ under
study. The use of these radionuclides to diagnose mafunctions or disease is
caled “medica imaging.” About 20 million diagnostic nuclear medicine
studies are performed each year in the U.S. In imaging, a photographic
screen or a detector examines the adjacent area of the body, and receivesan
image of the organ, reveding the nature of some medica problem. A
scanner consists of a sodium iodide crystal detector, movable in two
directions, a collimator to define the radiation, and a recorder that registers
counts in the sequence of the points it observes. In contrast, an Anger
scintillation camera is dtationary, with a number of photomultiplier tubes
recelving gamma rays through a collimator with many holes, and an
electronic data processing circuit.

The Anger camera provides a view of activity in the form of a plane.
The introduction of computer technology has made possble more
sophigticated displays, including three-dimensional images. Such a process
is caled tomography, of which there are severa types. The firg is Single
Photon Emisson Computer Tomography (SPECT), which has a rotating
camera that takes a series of planar pictures of the region containing a
radionuclide. A sodium iodide crystal detects uncollided photons from the
radioactive source and produces electric signals. Data from 180 different
angles are processed by a computer to give 2D and 3D views of the organ.
SPECT is used especidly for diagnosis of the heart, liver, and brain. The
second is Pogtron Emisson Tomography (PET), in which a positron-
emitting radiopharmaceutical is used. Three important examples are
oxygen-15 (2 min), nitrogen13 (10 min), and carbon-11 (20 min). They are
isotopes of elements found in al organic molecules, dlowing them to be
used for many biologica studies and medica applications, especidly heart
discase. A fourth, fluorine-18 (110 min), is especidly important in brain
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studies, in which there is difficulty getting most chemicals through what is
called the blood brain barrier. In contrast, ~18 forms a compound that acts
like glucose, which can penetrate brain tissue and show the location of a
disease such as stroke or cancer. The isotopes are produced by a cyclotron
on the hospitd site and the targets are quickly processed chemicdly to
achieve the desired labeled compound. The gamma rays released in the
annihilation of the positron and an electron are detected, taking advantage
of the smultaneous emission (coincidences) of the two gammas and their
motion in opposite directions. The data are analyzed by a computer to give
high-resolution displays. PET scans are analogous to X-ray computerized
axia tomography (CT) scans, but better for some purposes. Figure 17.3
compares the ability of CT and PET to locate a brain tumor.

An dternate diagnostic method that is very popular and does not involve
radioactivity is Magnetic Resonance Imaging (MRI). It takes advantage of
the magnetic properties of atoms in cells. Formerly it was called nuclear
magnetic resonance (NMR), but physicians adopted the new name to avoid
the association with anything “nuclear.” There are approximately 900 MRI
unitsin the U.S. References are included for the interested reader.

CT Scan FDG-PET

Fig. 173 CT and PET scans of a brain tumor
{Courtesy Lawrence Berkeley Mational Laboratory),

17,5 Radioimmunoassay

Radioimmunoassay, discovered in 1960 by Ydow and Berson, is a
chemical procedure using radionuclides to find the concentration of
biologicad materials very accurately, in parts per billion and less. It was
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developed in connection with studies of the human body’s immune system.
In that system a protective substance (antibody) is produced when a foreign
protein (antigen) is introduced. The method makes use of the fact that
antigens and antibodies aso react. Such reactions are involved in
vaccinations, immunizations, and skin tests for allergies.

The object is to measure the amount of an antigen present in a sample
containing an atibody. The latter has been produced previoudy by
repeatedly immunizing a rabbit or guinea pig and extracting the antiserum.
A smdl amount of the radioactively labeled antigen is added to the solution.
There is competition between the two antigens, known and unknown, to
react with the antibody. For that reason the method is aso caled
competitive binding assay. A chemica separation is performed, and the
radioactivity in the products is compared with those in a standard reaction.
The method has been extended to many other substances including
hormones, enzymes, and drugs. It is said that the amounts of amost any
chemical can be measured very accurately, because it can be coupled
chemically to an antigen.

The method has been extended to alow medical imaging of body tissues
and organs. Radiolabeled antibodies that go to specific types of body tissue
provide the source of radiation. As noted in Section 18.1, the same idea
applies to radiation treatment. The field has expanded to include many other
diagnostic techniques not involving radioactivity (see References).

17.6 Dating

There would appear to be no relationship between nuclear energy and
the humanities such as history, archaeology and anthropology. There are,
however, severd interesting examples in which nuclear methods establish
dates of events. The carbon dating technique is being used regularly to
determine the age of ancient artifacts. The technique is based on the fact
that carbon-14 is and has been produced by cosmic rays in the atmosphere
(a neutron reaction with nitrogen). Plants take up CO, and deposit G 14,
while animas eat the plants. At the death of ether, the supply of
radiocarbon obvioudy stops and the C-14 that is present decays, with half-
life 5715 y. By measurement of the radioactivity, the age within about 50 y
can be found. This method was used to determine the age of the Dead Sea
Scrolls, as about 2000 y, making measurements on the linen made from
flax; to date documents found a Stonehenge in England, using pieces of
charcoal; and to verify that prehistoric peoples lived in the United States, as
long ago as 9000 y, from the C-14 content of rope sandals discovered in an
Oregon cave. Carbon dating proved that the famous Shroud of Turin was
made from flax in the 14th Century, not from the time of Chrigt.
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Even greater accuracy in dating biological artifacts can be obtained by
direct detection of carbon-14 atoms. Molecular ions formed from 4Care
accelerated in electric and magnetic fields and then slowed by passage
through thin layers of material. This sorting process can measure 3 atoms of
14Cout of 10*° atoms of 2c . Several accelerator mass spectrometers arein
operation around the world (see References).

The age of minerds in the earth, in meteorites, or on the moon can be
obtained by a comparison of their uranium and lead contents. The method is
based on the fact that Pb-206 isthe final product of the decay chain starting
with U238, hdf-life 446 ~ 10° y. Thus the number of lead atoms now
present is equal to the loss in uranium atoms, i.e.,

Neb = (Nu)o - Ny,
where
Nu= (Nu)oe™"".

Elimination of the origind number of uranium atoms (Ny), from these
two formulas gives a relationship between time and the ratio Npp/Ny. The
latest value of the age of the earth obtained by this method is 4.55 billion
years.

For intermediate ages, thermoluminescence (heat and light) is used.
Radiation shifts eectrons in atoms to higher orbits (Section 2.3) while
heating causes electrons to drop back. Thus the firing of clay in ancient
pottery “starts the clock.” Over the years, traces of radioactive U and Th
cause a cumulative shifting, which is measured by heating and observing
the light emitted. An elementary but entertaining account of the applications
of this technique is provided by Jespersen and Fitz-Randolph (see
References).

For the determination of ages ranging from 50,000 to a few million
years, an argon method can be employed. It is based on the fact that the
potassium isotope K-40 (haf-life 1.26 ~ 10° y) crystallizes in materials of
volcanic origin and decays into the stable argon isotope Ar-40. An
improved techniqgue makes use of neutron bombardment of samples to
convert K-39, a stable isotope of potassum, into Ar-39. This provides a
substitute for measuring the content of K. These techniques, described by
Taylor and Aitken (see References) are of specia interest in relation to the
possible collison of an asteroid with the earth 65 million years ago, and the
establishment of the date of the first appearance of man. Dating methods are
used in conjunction with activation analysis, described in the next section.

17.7 Neutron Activation Analysis

Thisis an anaytica method that will reveal the presence and amount of
minute impurities. A sample of material that may contain traces of a certain
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element isirradiated with neutrons, as in a reactor. The gamma rays emitted
by the product radioisotope have unique energies and relative intengties, in
analogy to spectra lines from a luminous gas. Measurements and
interpretation of the gamma ray spectra, using data from standard samples
for comparison, provide information on the amount of the origina impurity.

Let us consider a practical example. Reactor design engineers may be
concerned with the possibility that some stainless steel to be used in moving
parts in a reactor contains traces of cobalt, which would yield undesirable
long-lived activity if exposed to neutrons. To check on this possbility, a
smal sample of the stainless sted is irradiated in a test reactor to produce
Co-60, and gamma radiation from the Co-60 is compared with that of a
piece known to contain the radioactive isotope. The “unknown” is placed on
a Pb-shielded large-volume lithium-drifted germanium Ge(Li) detector used
in gamma-ray spectroscopy as noted in Section 10.4. Gamma rays from the
decay of the 5.27-y Co-60 give rise to eectrons by photoelectric absorption,
Compton scattering, and pair production. The eectrons produced by
photoelectric absorption then give rise to electrica signals in the detector
that are approximately proportiona to the energy of the gammas. If al the
pulses produced by gammarays of a single energy were equd in height, the
observed counting rate would consist of two perfectly sharp peaks at energy
1.17 MeV and 1.33 MeV. A variety of effects causes the response to be
broadened somewhat as shown in Fig. 17.4. The location of the peaks
clearly shows the presence of the isotope Co-60 and the heights tell how
much of the isotope is present in the sample. Modern electronic circuits can
process a large amount of data a one time. The multichannel analyzer
accepts counts due to photons of al energy and displays the whole spectrum
graphically. The Idaho Nationa Engineering and Environmental Laboratory
(INEEL) maintains a web site database on gamma ray spectroscopy (see
References).

When neutron activation analysis is applied to a mixture of materials, it
IS necessary after irradiation to alow time to elapse for the decay of certain
isotopes whose radiation would “compete” with that of the isotope of
interest. In some cases, prior chemica separation is required to eliminate
interfering isotope effects.

The activation analyss method is of particular vaue for the
identification of chemica elements that have an isotope of high neutron
absorption cross section, and for which the products yidd a suitable
radiation type and energy. Not al elements meet these specifications, of
course, which means that activation analysis supplements other techniques.
For example, neutron absorption in the naturally occurring isotopes of
carbon, hydrogen, oxygen and nitrogen produces stable isotopes. This is
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Fic. 174  Analvsis of gamma rays from cobalt-60. (Courtesy of Jack N. Weaver of North
Carolina State University ).

fortunate, however, in that organic materias including biologica tissue are
composed of those very elements, and the absence of competing radiation
makes the measurement of trace contaminants easier. The sensitivity of
activation anadysis is remarkably high for many elements. It is possible to
detect quantities as low as a millionth of a gram in 76 elements, a hillionth
of agramin 53, or even aslow as atrillionth in 11.

Prompt gamma neutron activation analysis (PGNAA) is a variant on the
method just described. PGNAA measures the capture gamma ray from the
origind (n, g reaction resulting from neutron absorption in the eement or
isotope of interest, instead of measuring gammas from new radioactive
species formed in the reaction. The distinction between NAA and PGNAA
is shown in Fig. 17.5, which shows the series of reactions that can result
from a single neutron.

Because the reaction rate depends on the neutron cross section, only a
relatively small number of elements can be detected in trace amounts. The
detection limits in ppm are smdlest for B, Cd, Sm, and Gd (0.01-0.1), and
somewhat higher for CI, Mn, In, Nd, and Hg (1-10). Components that can
readily be measured are those often present in large quantities such as N,
Na, Al, S, Ca K, and Fe. The method depends on the fact that each
element has its unique prompt gamma ray spectrum. The advantages of
PGNAA are that it is non-destructive, it gives low resdua radioactivity,
and the results are immediate.

A few of the many applications of neutron activation analysis are now
described briefly.

(a) Textile manufacturing. In the production of synthetic fibers, certain



234 Information from Isotopes

Yc
Capmure
gamma ray B

Ta:;ge:

nueclens

m Radicactive
nuclens

BEuiron Siable

“ nucleus

Decay
gamima ray
o
Fic. 17.5  Nuclear reactions involved in neutron activation analysis (PONAA)
(Courtesy of Institute of Physics).

chemicas such as fluorine are applied to improve textile characteristics,
such as the ability to repel water or stains. Activation anayss is used to
check on inferior imitations, by comparison of the content of fluorine or
other deliberately added trace elements.

(b) Petroleum processing. The “cracking” process for refining oil
involves an expengive catalyst that is easily poisoned by smal amounts of
vanadium, which is a natural congtituent of crude oil. Activation andysis
provides a means for verifying the effectiveness of the initia distillation of
the ail.

(c) Crime investigation. The process of connecting a suspect with a
crime involves physica evidence that often can be accurately obtained by
NAA. Examples of forensic applications are: the comparison of paint flakes
found at the scene of an automobile accident with paint from a hit-and-run
driver’s car; the determination of the geographical sources of drugs by
comparison of trace element content with that of soils in which plants are
grown; verification of theft of copper wire using differences in content of
wire from various manufacturers, distinguishing between murder and
suicide by measurement of barium or antimony on hands; and tests for
poison in a victim's body. The classc example of the latter is the
verification of the hypothesis that Napoleon was poisoned, by activation
analysis of arsenic in hair samples.

(d) Authentication of art work. The probable age of a painting can be
found by testing a small speck of paint. Over the centuries the proportions
of elements such as chromium and zinc used in pigment have changed, so
that forgeries of the work of old masters can be detected.

An dternative method of examination involves irradiation of a painting
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briefly with neutrons from a reactor. The radioactivity induced produces an
autoradiograph in a photographic film, so that hidden underpainting can be
reveaed.

It was desired to determine the authenticity of some metal medica
instruments, said to be from Pompeii, the city buried by the eruption of
Vesuwviusin A.D. 79. PGNAA was applied, and using the fact that the zinc
content of true Roman artifacts was low, the instruments were shown to be
of modern origin.

(e) Diagnosis of disease. Medicd applications (see References) include
accurate measurements of the norma and abnormal amounts of trace
elements in the blood and tissue, as indicators of specific diseases. Other
examples are the determination of sodium content of children’s fingernails
and the very sensitive measurement of the iodide uptake by the thyroid
gland.

(f) Pesticide investigation. The amounts of residues of pesticides such as
DDT or methyl bromide in crops, foods, and animas are found by anadysis
of the bromine and chlorine content.

(g) Mercury in the environment. The heavy element mercury isaserious
poison for animals and human beings even at low concentrations. It appears
in rivers as the result of certain manufacturing waste discharges. By the use
of activation analysis, the Hg contamination in water or tissues of fish or
land animals can be measured, thus helping to establish the ecologica
pathways.

(h) Astronomical studies. Measurement by NAA of the variation in the
minute amounts of iridium (parts per billion) in geologicd a¥posits led to
some dartling conclusions about the extinction of the dinosaurs some 65
million years ago. A large meteorite, 6 km in diameter, is believed to have
struck the earth and to have caused atmospheric dust that reduced the
sunlight needed by plants eaten by the dinosaurs. The theory is based on the
fact that meteorites have a higher iridium content than the Earth. The
sengtivity of NAA for Ir was vividly demonstrated by the discovery that
contact of a technician’s wedding ring with a sample for only two seconds
was sufficient to invalidate results.

Evidence is mounting for the correctness of the idea. Large impact
craters and buried structures have been discovered in Yucatan and lowa.
They are surrounded by geologica debris whose age can be measured by
the K-Ar method (see Section 17.6 and References).

() Geological applications of PGNAA. Oil and minera exploration in
Stu of large-tonnage, low-grade deposits far below the surface has been
found to yield better results than does extracting smal samples. In another
example, measurements were made on the ash on the ground and particles
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in the amosphere from the 1980 Mount St. Helens volcano eruption.
Elemental composition was found to vary with distance aong the ground
and with atitude. Many aher examples of the use of PGNAA are found in
the literature (see References).

An dternative and supplement to NAA and PGNAA is X-ray
fluorescence spectrometry. It is more accurate for measuring trace amounts
of some materials. The method consists of irradiating a sample with an
intense X-ray beam to cause target elements to emit characteristic line
spectra, i.e, to fluoresce. ldentification is accomplished by either (a)
measurements of the wavelengths by diffraction using a single crysta,
comparison with a standard, and analysis by a computer, or (b) use of a
commercia low-energy photon spectrometer, a semiconductor detector.
The sengtivity of the method varies with the eement irradiated, being
lower than 20 ppm for al elements with atomic number aboove 15. Thetime
required is much shorter than for wet chemical anayses, making the method
useful when alarge number of measurements are required.

17.8 Radiography

The oldest and most familiar beneficial use of radiation is for medical
diagnoss by X-rays. These consst of high-frequency electromagnetic
radiation produced by electron bombardment of a heavy-metal target. Asis
well known, X-rays penetrate body tissue to different degrees depending on
material density, and shadows of bones and other dense materials appear on
the photographic film. The term “radiography” includes the investigation of
internal composition of living organisms or inanimate objects, usng X-rays,
gammarays, or neutrons.

For both medicd and industrid use, the isotope cobdt-60, produced
from Co-59 by neutron absorption, is an important aternative to the X-ray
tube. Co-60 emits gamma rays of energy 1.17 MeV and 1.33 MeV, which
are especialy useful for examination of flaws in metals. Interna cracks,
defects in welds, and nonmetallic inclusions are revealed by scanning with a
cobalt radiographic unit. Advantages include smdl size and portability, and
freedom from the requirement of an eectrica power supply. The haf-life of
527 y permits use of the device for a long time without need for
replenishing the source. On the other hand, the energy of the rays is fixed
and the intensity cannot be varied, asis possible with the X-ray machine.

Other isotopes that are useful for gamma-ray radiography are: (@)
irdium-192, hdf-life 73.8 d, photon energy around 0.4 MeV, for thin
specimens; (b) cesium-137 (30.2 y), because of its long haf-life and 0.662
MeV gamma ray; (c) thulium-170, hdf-life 1286 d, emitting low-energy
gammas (0.052, 0.084, 0.16 MeV), useful for thin sted and light dloys
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because of the high cross section of the soft radiation.

The purpose of radiography using neutrons is the same as that using X-
rays, namely to examine the interior of an opague object. There are some
important differences in the mechanisms involved, however, X-rays interact
principaly with the electrons in atoms and molecules, and thus are scattered
best by heavy high-Z eements. Neutrons interact with nuclei and are
scattered according to what isotope is the target. Hydrogen atoms have a
particularly large scattering cross section. Also, some isotopes have very
high capture cross section; eg., cadmium, boron, and gadolinium. Such
materials are useful in detectors as well. Figure 17.6 shows the schematic
arrangement of a thermal neutron radiography unit, where the source can be
a nuclear reactor, a particle accelerator, or a radioisotope. Exposure times
are least for the reactor source because of the large supply of neutrons; they
are greatest for the isotopic source. A typical accelerator reaction using
neutrons is the (d,n) reaction on tritium or beryllium.

Several of the radioisotopes sources use the (gn) reaction in beryllium-9,
with gamma rays from antimony-124 (60.20 d), or the (@,n) reaction with
adpha particles from americium-241 (432 y) or curium-242 (163 d). An
isotope of the artificial eement 98, californium-252, is especidly useful as
a neutron source. It decays usualy (96.9%) by a-particle emission, but the
other part (3.1%) undergoes spontaneous fission releasing around 3.5
neutrons on average. The half-lives for the two processes are 2.73 y and
85.5 vy, respectively. An extremely small mass of Cf-252 serves as an
abundant source of neutrons. These fast neutron sources must be
surrounded by a light-element moderator to thermalize the neutrons.

Detection of transmitted neutrons is by the smal number of elements
that have a high therma neutron cross section and which emit secondary
radiation that readily affects a photographic film and record the images.
Examples are boron, indium, dysprosum, gadolinium, and lithium. Severa
neutron energy ranges may be used thermal, fast and epithermal, and
“cold” neutrons, obtained by passing a beam through a guide tube with

BT

Detector

B

Reactor Shield

Fic. 176 Schemaiic diagram of a thermal neutron radiography unit. Source can be an
accelerator, a reactor, or a radioisotope,
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reflecting walls that select the lowest energy neutrons of a thermal

digtribution.

Examples of the use of neutron radiography are:

(&) Inspection of reactor fuel assemblies prior to operation for defects such
as enrichment differences, odd-sized pellets, and cracks.

(b) Examination of used fud rods to determine radiation and therma
damage.

(c) Inspection for flaws in explosive devices used in the U.S. space
program. The devices served to separate booster stages and to trigger
release of re-entry parachutes. Items are rejected or reworked on the
basis of any one of ten different types of defects.

(d) Study of seed germination and root growth of plants in soils. The
method alows continued study of the root system without disturbance.
Root diameters down to /3 mm can be discerned, but better resolution
is needed to observe root hairs.

(e) “Real-time’” observations of a helicopter gas turbine engine at Rolls-
Royce, Ltd. Oil flow patterns wsing cold neutrons are observable, and
bubbles, oil droplets, and voids are digtinguishable from normal
densty oil.

17.9 Radiation Gauges

Some physical properties of materials are difficult to ascertain by
ordinary methods, but can be measured easily by observing how radiation
interacts with the substance. For example, the thickness of alayer of plastic
or paper can be found by measuring the transmitted number of beta particles
from a radioactive source. The separated fission product isotopes strontium-
90 (29.1y, 0.546 MeV beta particle) and cesium-137 (30.2 y, 0.514 MeV
beta particle) are widely used for such gauging.

The dendity of a liquid flowing in a pipe can be measured externdly by
detection of the gamma rays that pass through the substance. The liquid in
the pipe serves as a shield for the radiation, and attenuation of the beam
dependent on macroscopic cross section and thus particle number density.

The level of liquid in an opague container can be measured readily
without the need for sight glasses or electric contacts. A detector outside the
vessel measures the radiation from a radioactive source mounted on a float
in the liquid.

Portable gauges for measurement of both moisture and density are
available commercialy. A rechargesble battery provides power for the
electronics involving a microprocessor. Gamma rays for densty
measurements in materials such as soil or asphalt paving are supplied by a
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cesium-137 source. For operation in the direct-transmisson mode, a hole is
punched into the material being tested and a probe rod with radioactive
source in its end isinserted. A Geiger-MUller gamma ray detector is located
at the base of the instrument, as shown in Fig. 17.7a. A typical calibration
curve for the instrument is shown in Fig. 17.7b. Standard blocks of test
material using various amounts of magnesium and auminum are used to
determine the constants in an empirica formula that relates density to
counting rate. If the source is retracted to the surface, measurements in the
back-scattering mode can be made. The precision of density measurements
i 0.4% or better. For moisture measurements by the instrument, neutrons of
average energy 4.5 MeV are provided by an americium-beryllium source. A
particles of around 5 MeV from americium-241, hdf-life 432 y, bombard
beryllium-9 to produce the reaction °Be(a, n)**C. Neutrons from the source,
located in the center of the gauge base, migrate through the materia and
dow down, primarily with collisons with the hydrogen aoms in the
contained moisture. The nore water that is present, the larger is the thermal
neutron flux in the vicinity of the gauge. The flux is measured by a thermal-
neutron detector consisting of a helium-3 proportiona counter, in which the
ionization is created by the products of the reaction *He(n,p)*H (s. = 5330
barns). Protons and tritons (hydrogen-3 ions) create the ionization measured
in the detector. The gauge is calibrated by using laminated sheets of the
hydrocarbon polyethylene and of magnesium. The moisture content can be
measured to about 5% in normal soil. The device requires correction if there
are significant amounts of absorbers such as iron, chlorine, or boron in the
ground, or if there are hydrogenous materials other than water present.

A newer portable nuclear gauget measures both water and cement in a
fresh concrete mix. One probe contains a Cf-252 source, with the fast
neutrons thermalized in hydrogen, and measured by a He-3 detector. The
other probe has an Am-241 source, with the gamma rays absorbed by the
photoelectric effect, mainly in calcium in the cement. A counter notes the
amount of reduction in gammas. A calibration of the instrument is made
with severa water and cement combinations in the vicinity of the target
mix, and correlated with compressive strengths tests. Field studies and a
Monte Carlo computer smulation were used in the evaluation of the device
by the Civil Engineering Research Foundation (see References).

Severa nuclear techniques are employed in the petroleum industry. In
the drilling wels, the “logging” process involves the study of geologic
features. One method consists of the measurement of natura gamma
radiation. When the detector is moved from a region of ordinary radioactive
rock to one containing oil or other liquid, the signa is reduced. A neutron

T Troxler Model 4430 Water/Cement Gauge.
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(Counesy of Troxler Elecironic Laboratories, Inc.)

moisture gauge is adapted to determine the presence of oil, which contains
hydrogen. Neutron activation andysis of chemicd compostion is
performed by lowering a neutron source and a gamma ray detector into the
well.

17.10 Summary

Radioisotopes provide a great ded of information for human benefit.
The characteristic radiations permit the tracing of processes such as fluid
flow. Pharmaceuticals are radioactively tagged chemicals used in hospitals
for diagnosis. Scanners detect the distribution of radioactivity in the body
and form images of diseased tissue. Radioimmunoassay measures minute
amounts of biological materials. The dates of archaeologica artifacts and of
rock formations can be found from carbon-14 decay data and the ratios of
uranium to lead and of potassum to argon. The irradiation of materials with
neutrons gives rise to unique prompt gamma rays and radioactive decay
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products, allowing measurement of trace elements for many applications.
Radiography employs gamma rays from cobat-60 or neutrons from a
reactor, accelerator, or californium-252. Radiation gauges measure density,
thickness, ground moisture, water/cement ratios, and oil deposits.

17.11 Exercises

17.1. A radioisotope is to be selected to provide the signal for arrival of a new grade of ail in
an 800-km-long pipe line, in which the fluid speed is 1.5 m/s. Some of the candidates are:

| sotope Half-life Particle, energy (MeV)

Na24 14.96 h b, 1.389; g, 1.369, 2.754

S35 87.2d b ,0.167

Co-60 527y b, 0.315; g, 1.173, 1.332

Fe-59 445d b, 0.273, 0.466; g, 1.099, 1.292

Which would you pick? On what basis did you eliminate the others?
17.2. The radioisotope F18, half-life 1.83 h, is used for tumor diagnosis. It is produced by

bombarding lithium carbonate (Li,CO3) with neutrons, using tritium as an intermediate particle.
Deduce the two nuclear reactions.

17.3. The range of beta particles of energy 0.53 MeV in metals is 170 mg/cm?. What is the
maximum thickness of aluminum sheet, density 2.7 g/cm?®, that would be practical to measure
with a Sr-90 or Cs-137 gauge?

17.4. The amount of environmental pollution by mercury is to be measured using neutron
activation analysis. Neutron absorption in the mercury isotope Hg-196, present with 0.15%
abundance, activation cross section 3 * 10° barns, produces the radioactive species Hg-197,
half-life 2.67 days. The smallest activity for which the resulting photons can be accurately
analyzed in a river water sample is 10 dis/sec. If a reactor neutron flux of 102 cm2-s?tis
available, how long anirradiation is required to be able to measure mercury contamination of 20
ppm (ng/g) in a4 milliliter water test sample?

17.5. Theratio of numbers of atoms of lead and natural uranium in a certain moon rock is found
to be 0.05. What is the probable age of the sample?

17.6. The activity of C-14 in a wooden figure found in a cave is only 3/4 of today’s value.
Estimate the date the figure was carved.

17.7. Examine the possibility of adapting the uranium-lead dating analysis to the potassium-
argon method. What would be the ratio of Ar-40 to K-40 if adeposit were 1 million years old?
Note that only 10.72 percent of K-40 decay yields Ar-40, the rest going into Ca-40.

17.8. The age of minerals containing rubidium can be found from the ratio of radioactive Rb-87
to its daughter Sr-87. Develop aformularelating thisratio to time.

17.9. It has been proposed to use radioactive krypton gas of 10.73 y half-lifein conjunctionwith
film for detecting small flaws in materials. Discuss the concept, including possible techniques,
advantages, and disadvantages.

17.10. A krypton isotope & Kr of haf-life 13.1 seconds is prepared by charged particle

bombardment. It gives off agamma ray of 0.19 MeV energy. Discuss the application of the
isotope to the diagnosis of emphysema and black-lung disease. Consider production,
transportation, hazards, and other factors.

17.11. Tritium (3H ) hasaphysical half-life of 12.32 years but when taken into the human body

as water it has a biologi cal haf-life of 12.0 days. Calculate the effective half-life of tritium for
purposes of radiation exposure. Comment on the result.

17.12. Using half-life relationship as given in Section 17.2, calculate the effective half-life of
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californium-252.

17.13. The spontaneous fission hdf-life of Cf-252 is 85.5 y. Assuming that it releases 3.5
neutrons per fission, how much of the isotope in micrograms is needed to provide a source of
strength of 107 neutrons per second? What would be the diameter of the source intheformof a
sphereif the Cf-252 had a density as pure meta of 20 g/cm®?

17.14. Three different isotopic sources are to be used in radiography of stedl in shipsasfollows:

Isotope Hdf-life Gamma energy (MeV)

Co-60 527y 1.25 (ave)
Ir-192 73.8d 0.4 (ave)
Cs-137 30.2y 0.66

Which isotope would be best for insertion in pipes of small diameter and wall thickness? For
finding flawsin large castings? For more permanent installations? Explain.

17.15. The number of atoms of a parent isotope in aradionuclide generator such as Mo-Tcgven
by Np = NyoEp, where E, = exp(-l t), with Ny asthe initial number of atoms. The number of
daughter atoms for zero initidly is
Ng =Kl pNoo(Ep - Eq)/(1 4- 1 )

where k is the fraction of parentsthat go into daughters and Ey= exp(-l 4t).

(a) Find the ratio of Tc-99m atoms to Mo-99 atomsfor very long times, using k = 0.87.

(b) What is the percent error in using the ratio found in (a) if it takes one haf-life of the
parent to ship the fresh isotope to alaboratory for use?
17.16. Pharmaceuticas containing carbon-14 (5715 y) and tritium (12.32 y) areboth usedin a
biologica research laboratory. To avoid an error of greater than 10% in counting beta particles,
as aresult of accidental contamination of C-14 by H-3, what must be the upper limit on the

fraction of atoms of tritium in the sample? Assume that all betas are counted, regardless of
energy.

17.17. The atom fraction of G14 in carbon was approximately 1.2 ~ 102 prior to bomb
tests. How many counts per minute would be expected from a 1 gram sample of carbon?
Discuss the implications of that number.

Computer Exercise

17.A. Recall the computer program RADIOGEN (see Computer Exercise 3D) giving
activities of parent and daughter isotopes.

(a) Apply to the radionuclide generator of Section 17.3 using half-lives 65.9 h for Mo-99
and 6.01h for Tc-99m, with k = 0.87. Carry the calculations out to at least 66 hoursin steps
of one hour.

(b) From the rmula in Computer Exercise 3D, show that the ratio of activities of
daughter to parent at very long timesis
AJA, = KI(L-1 ol ).
(c) Find out how much error there is in using the formula of (b) rather than the ratio
calculated by RADIOGEN, if it takes exactly one half-life of M0-99 to ship the generator to
alaboratory for use.

17.12 References for Chapter 17

Biology Links

http://mcb.harvard.edu/BioLinks.html

Harvard University Department of Molecular and Cellular Biology.

DOE Information Bridge
http://www.osti.gov/bridge
Search on “A Vital Legacy” for atomsin biology. 4807K pdf file.
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http://www.ornl.gov.isotopes/catal og.html
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Human Genome Project Information

http://www.ornl.gov/hgmis
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Genentech’s Access Excellence Classical Collection
http://mww.accessexcellence.com/AE/AEC/CC
“A Visit with Dr. Francis Crick,” “DNA Structure,” and “ Restriction Nucleases.”

Basics of DNA Fingerprinting
http://www.bi ol ogy.washington.edu/fingerprint/dnaintro.html
Class project by Kate Brinton and Kim-An Lieberman.

Use of DNA Fingerprinting in Forensic Science
http://www.esva.net/~dbowling/Dna.htm
High school term paper by Donald Bowling.

M. Krawczak and J. Schmidtke, DNA Fingerprinting, 2nd Ed., Springer Verlag, New York,
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Vienna, 1990. Methodology, case studies, and trends.
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Science, Volume I1: Clinical Applications, 2nd edition, Lea & Febiger, Philadelphia, 1984.
Volume | contains good descriptions of radionuclide production, imaging, radionuclide
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to organs.

Gopal B. Saha. Fundamentals of Nuclear Pharmacy, 4th ed., Springer, New Y ork, 1997.
Instruments, isotope production, and diagnostic and therapeutic uses of
radiopharmaceuticals. Reflects the continued growth of the field.

Introduction to MRI
http://128.227.164.224/mritutor/index.html
Elementary tutorial by Ray Ballinger.

The Basics of MRI
http://www.cis.rit.edu/htbooks/mri/bmri.htm
Comprehensive treatment by Dr. Joseph P. Hornak.
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Medical Physics and Bioengineering Resources
http://bach.medphys.ucl.ac.uk/inset/resource.htm
List of textbooks, videos, slides, and CD’s. By University College London.

Fred A. Mettler, Jr. and Milton J. Guiberteau, Essentials of Nuclear Medicine Imaging, 4th
Ed., Philadelphia, W. B. Saunders Co., 1998. After presenting background on radioactivity,
instruments, and computers, the book describes the methods used to diagnose and treat
different tissues, organs, and systems of the body.

Ramesh Chandra, Introductory Physics of Nuclear Medicine, 4th ed., Lea & Febiger,
Philadelphia, 1992. Intended for resident physicians. Covers scintillation cameras and
computer tomography.

Marshall Brucer, A Chronology of Nuclear Medicine 1600-1989, Heritage Publications, St.
Louis, 1990. Interesting and informative discussion with abundant references.

T. Chard, An Introduction to Radioimmunoassay and Related Techniques, Elsevier,
Amsterdam, 1995. Concept, principles, and laboratory techniques. Immunoassaysin generd,
labeling techniques, and commercia services.

Christopher P. Price and David J. Newman, Editors, Principles and Practices of
Immunoassay, Stockton Press, New York, 1991. A great variety of immunoassay techniques.

Herman W. Knoche, Radioisotopic Methods for Biological and Medical Research, Oxford
University Press, New Y ork, 1991. Includes mathematics of radioimmunoassay and isotope
dilution.

G. Choppin, J. Rydberg, and J. O. Liljenzin, Radiochemistry and Nuclear Chemistry, 2nd
Ed.., Butterworth-Heinemann, Oxford, 1995. Includes chapters on isotope uses in chemistry
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Radiocarbon Web-info
http://c14.sci.waikato.ac.nz/webinfo/applic.html
Links to many applications of C-14 dating, by T. Higham.

Robert E. M. Hedges and John A. J. Gowlett, “Radiocarbon Dating by Accelerator Mass
Spectrometry,” Scientific American, January 1986, p. 100.

Accelerator Mass Spectrometry

Woods Hole: http://ams245.whoi.edu

Lunds Universitet: http://www.fysik.lth.se/NuclearPhysics/ams/index.html
Application to carbon dating.

James Jespersen and Jane Fitz-Randolph, Mummies, Dinosaurs, Moon Rocks: How We
Know How Old Things Are, Atheneum Books for Y oung Readers, New Y ork, 1996.

Sheridan Bowman, Ed., Science and the Past, University of Toronto Press, Toronto, 1991.
Quialitative technical treatment of dating with emphasis on the artifacts.

R. E. Taylor and Martin J. Aitken, Eds., Chronometric Dating in Archaeology, Plenum
Press, New York, 1997. Principle, history, and current research for a number of dating
techniques. Articles are written by experts in the methods.



References for Chapter 17 245

K. Heydorn, Neutron Activation Analysis for Clinical Trace Element Research, Vols. | &
I1,CRC Press, Boca Raton, FL, 1984.

North Carolina State University’s Nuclear Science Center
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http://id.inel.gov/igamma
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Zeev B. Alfass and Chien Chung, Eds., Prompt Gamma Neutron Activation Analysis, CRC
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The Medical Radiography Home Page
http://home.earthlink.net/~terrass/radi ography/medradhome.html
Internet resources by Richard Terrass of Massachusetts General .

R. Halmshaw, Industrial Radiology, Theory and Practice, 2nd Ed., Chapman & Hall,
London, 1995. Principlesand equipment using X-rays, gammarays, heutrons, and other
particles. Computers and automation in quality control and non-destructive testing.

J. C. Domanus, Ed., Practical Neutron Radiography, Kluwer, Dordrecht, 1992. Sources,
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Useful Radiation Effects

Radiation in the form of gamma rays, beta particles, and neutrons is
being used in science and industry to achieve desirable changes. Radiation
doses control offending organisms including cancer cells and harmful
bacteria, and sterilize insects. Locd energy deposition can aso stimulate
chemical reactions and modify the structure of plastics and semiconductors.
Neutrons and Xrays are used to investigate basic physical and biological
processes. In this chapter we shall briefly describe some of these interesting
and important applications of radiation. For additiona information on the
uses around the world, proceedings of international conferences can be
consulted. Thanks are due Albert L. Wiley, Jr., MD, PhD for suggestions on
the subject of nuclear medicine.

18.1 Medical Treatment

The use of radiation for medical therapy has increased greatly in recent
years, with millions of treatments given patients annualy. The radiation
comes from teletherapy units in which the source is a some dstance from
the target, or from isotopes in seded containers implanted in the body, or
from ingested solutions of radionuclides.

Doses of radiation are found to be effective in the treatment of diseases
such as cancer. In early times, X-rays were used, but they were supplanted
by cobdt-60 gamma rays, because the high energy (1.17 and 1.33 MeV)
photons penetrated tissue better and could deliver doses deep in the body,
with a minimum of skin reaction. In modern nuclear medicine, there is
increasing use of accelerator-produced radiation in the range 4-35 MeV for
cancer treatment.

Trestment of disease by implantation of a radionuclide is called
interdtitial  brachytherapy (“brachys’ is Greek for “short”). A smal
radioactive capsule or “seed” is imbedded in the organ, producing locda
gamma irradiation. The radionuclides are chosen to provide the correct
dose. In earlier times, the only material available for such implantation was
a-emitting radium-226 (1599 years). Most frequently used today are
irdium-192 (73.8 days), iodine-125 (59.4 days), and paladium-103 (17.0
days). Examples of tumor locations where this method is successful are the
head and neck, breast, lung, and prostate gland. Other isotopes sometimes

246
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used are cobalt-60, cesum-137, tantalum-182, and gold-198. Intense fast
neutron sources are provided by caifornium-252. For treatment of the
prostate, 40-100 “rice-szed” seeds, (4.5 mm long and 0.81 mm diameter)
containing a soft-gamma emitter, Pd-103, are implanted with thin hollow
needles (see References). Computerized tomography and ultrasound aid in
the implantation.

One sophisticated device for administering cancer treatment uses a
pneumaticaly controlled string of cesum-137 impregnated glass beads
encapsulated in stainless stedl, of only 2.5 mm diameter. Tubes containing
the beads are inserted in the bronchus, larynx, and cervix.

Success in trestment of abnormal pituitary glands is obtained by charged
particles from an accelerator, and beneficia results have come from dow
neutron bombardment of tumors in which a boron solution is injected.
Selective absorption of chemicals makes possible the treatment of cancers
of certain types by administering the proper radionuclides. Examples are
iodine-125 or iodine-131 for the thyroid gland and phosphorus-32 for the
bone. However, there is concern in medical circles that use of iodine-131to
treat hyperthyroidism could cause thyroid carcinoma, especialy in children.

Relief from rheumatoid arthritis is obtained by irradiation with beta
particles. The radionuclide dysprosum-165 (2.33 hr) is mixed with ferric
hydroxide, which serves as a carier. The radiation from the injected
radionuclide reduces the inflammation of the lining of joints.

Table 18.1 shows some of the radionuclides used in treatment.

TaBLE18.1
Radionuclides Used in Therapy

Radionuclide Disease treated
P-32 Leukemia
Y-90 Cancer
1-131 Hyperthyroidism

Thyroid cancer
Sm-153
Re-186 Bone cancer pain
Re-188
Au-198 Ovarian cancer

A great ded of medica research is an outgrowth of radioimmunoassay
(See Section 17.5). It involves monoclonal antibodies (MAbs), which are
radiolabeled substances that have an affinity for particular types of cancer,
such as those of the skin and lymph glands. The diseased cells are irradiated
without damage to neighboring normal tissue. The steps in this complex
procedure start with the injection into mice of human cancer cdls, as
antigens. The mouse spleen, a pat of the immune system, produces
antibodies through the lymphocyte cells. These cells are removed and
blended with myeloma cancer cells, to form new cells called hybridoma. In
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a culture, the hybridoma clones itself to produce the MAb. Findly, a beta-
emitting radionuclide such as yttrium-90 is chemicdly bonded to the
antibody.

A promising treatment for cancer is boron neutron capture therapy
(BNCT). A boron compound that has an affinity for diseased tissue is
injected, and the patient is irradiated with neutrons from a reactor. Boron-
10, with abundance 20 percent in natural boron, strongly absorbs thermal
neutrons to release lithium-7 and hdium-4 ions. An energy of over two
MeV is deposited locally because of the short range of the particles. The
technique was pioneered in the 1950s by Brookhaven National Laboratory,
but the program was suspended from 1961 to 1994 and terminated in 1999.
Research is continuing at other locations, however (see References). A
compound BPA was found that localized boron better and therma neutrons
were replaced by intermediate energy neutrons, with favorable results. A
single treatment with BNCT is as effective as many conventiona radiation-
chemotherapy sessions. The method has been found to be effective in
treatment of malignancies such as melanoma (skin) and glioblastoma
multiforme (brain). The discovery of monoclona antibodies opens up new
possibilities for large scale use of BNCT.

The mechanism of the effects of radiation is known qudlitatively.
Abnorma cdls that divide and multiply rapidly are more senstive to
radiation than norma cells. Although both types are damaged by radiation,
the abnormal cells recover less effectively. Radiation is more effective if the
dosage is fractionated; i.e., split into parts and administered at different
times, allowing recovery of normal tissue to proceed.

Use of excess oxygen is hepful. Combinations of radiation,
chemotherapy, and surgery are applied as appropriate to the particular organ
or system affected. The ability to control cancer has improved over the
years, but a cure based on better knowledge of cell biology is yet to come.

18.2 Radiation Preservation of Food

The ability of radigtion trestment to eiminate insects and
microorganisms from food has been known for many years. Significant
benefits to the world's food supply are beginning to be redized, as a
number of countries built irradiation facilitiest. Such application in the U.S.
has been dow because of fears related to anything involving radiation.

Spoilage of food before it reaches the table is due to avariety of effects:
sprouting as in potatoes, rotting due to bacteria as in fruit, and insect
infestation as in wheat and flour. Certain diseases stem from

T Thanks are due FoodTechnology Service in Mulberry, Florida, for extensive literature
on food irradiation.
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microorganisms that contaminate food. Examples are the bacteria
Sdmondla, found in much of poultry products, and the parasite Trichinae
that infest some pork. The National Centers for Disease Control state that
food-borne illnesses affect millions of people in the U.S. each year, with
thousands of deaths.

Various treatments are conventionally applied to preserve food,
including drying, pickling, sdting, freezing, canning, pasteurization,
sterilization, the use of food additives such as nitrites, and until they were
banned, the application of fumigants such as ethylene dibromide (EDB).
Each treatment method has its advantages, but nitrites and EDB are
believed to have harmful physiological effects.

On the other hand, research has shown that gamma radiation processing
can serve as an economical, safe, and effective substitute and supplement
for exigting treatments. The shelf-life of certain foods can be extended from
days to weeks, allowing adequate time for transportation and distribution. It
has been estimated that 20 to 50 percent of the food supplied to certain
countries is wasted by spoilage that could be prevented by radiation
treatment. The principal sources of ionizing radiation that are suitable for
food processing are X-rays, electrons from an accelerator, and gamma rays
from a radionuclide. Much experience has been gained from the use of
cobdt-60, hdf-life 5.27 years, with its two gamma rays of energy 1.17 MeV
and 1.33 MeV. The largest supplier of cobalt-60 is a Canadian firm, MDS
Nordion, formerly part of Atomic Energy of Canada, Ltd. The isotope is
prepared by irradiating pure cobdt-59 target pellets with neutrons in the
CANDU reactors of Ontario Hydro. The targets are disassembled, and
shipped for processing into double layer capsules of about 10 Ci each.
Another attractive isotope is cesum-137, gamma ray 0.662 MeV, because
of its longer hdf-life of 30.2 years, and its potentiad availability as a fisson
product. A considerable amount of cesum-137 has been separated at
Hanford, Washington, as a part of the radioactive waste management
strategy. Arrangements for loans of capsules from the Department of
Energy to industrid firms have been made. Additional cesum-137 could be
obtained through limited reprocessing of spent reactor fuel.

Many people are concerned about the use of irradiated products because
of the association with ruclear processes. The first worry is that the food
might become radioactive. The concern is unfounded since there is no
detectable increase in radioactivity at the dosages and particle energies of
the electrons, X-rays, or gamma rays used. Even at higher dosages than are
planned, the induced radioactivity would be less than that from natura
amounts of potassum-40 or carbon-14 in foods. Another fear is that
hazardous chemicals may be produced. Research shows that the amounts of
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unique radiolytic products URP) are small, less than those produced by
cooking or canning, and smilar to natura food congtituents. No indication
of hedth hazard has been found, but scientists recommend continuing
monitoring of the process. A third concern is that there would be alossin
nutritional value. Some loss in vitamin content occurs, just as it is in
ordinary cooking. Research is continuing on the effects of radiation on
nutritional value. It appears that the loss is minor at the low dose levels
used. On various food products, there are certain organoleptic effects (taste,
smell, color, texture); but these are a matter of persona reaction, not of
health. Even these effects can be diminated by operating the targets at
reduced temperatures. The astronauts of the Apollo missions and the space
shuttle have dined regularly on treated foods while in orbit. They were
enthusiastic about the irradiated bread and meats. Many years ago, some
scientists in India reported that consumption of irradiated wheat caused
polyploidy, an increase in cell chromosomes. Extensive studies elsewhere
disproved the finding.

Finally, it has been suggested that radiation might induce resistance of
organisms, just as with pesticides and antibiotics, but the effect appears not
to occur. The difference is attributed to the fact that there is a broad effect
on enzymes and compounds.

The radiation dosages required to achieve certain gods are listed in
Table 18.2. Note that 1 gray (Gy) is 100 rads.

TABLE18.2
Doses To Achieve Beneficial Effects
Effect Dose (Gy)
inhibit sprouting of potatoes and onions 60-150
eliminate trichinain pork 200-300
kill insects and eggsiin fruits 200-500
disinfect grain, prolong berry life 200-1000
delay ripening of fruit 250-350
eliminate salmonella from poultry 1000-3000

The main components of a multi-product irradiation facility that can be
used for food irradiation on a commercial basis are shown in Fig. 18.1.
Important parts are: (a) transfer equipment, involving conveyors for pallets,
which are portable platforms on which boxes of food can be loaded; (b) an
intense gamma ray source, of around a million curies strength, consisting of
doubly encapsulated pellets of cobat-60; (c) water tanks for storage of the
source, with a cooling and purification system; and (d) a concrete biologica
shield, about 2 meters thick. In the operation of the facility, a rack of cobalt
rods is pulled, up out of the water pool and the food boxes are exposed as
they pass by the gamma source. Commercia firms providing irradiation
equipment and @rrying out irradiations, mainly for sterilization of medica
supplies, are RTI, Inc. of Rockaway, NJ, MDS Nordion of Kanata Ontario,
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Fic. 18.] Gamma irradiation facility of Radiation Technology. Inc.. at Haw River, NC,
Pallets containing boses of products move on a computer-controlled conveyor through a
concrete maze past a gamma-emilling screcn.

Canada, Food Technology Service, Inc. of Mulberry, FL, Isomedix, Inc. of

Whippany, NJ, and SteriGenics International of Fremont, CA.

A number of experimental facilities and irradiation pilot plants have
been built and used in some 70 countries. Some of the items irradiated have
been grain, onions, potatoes, fish, fruit, and spices. The most active
countries in the developmert of large-scale irradiators have been the U.S,,
Canada, Japan, and the former U.S.S.R.

Table 18.3 shows the approvals for irradiation as issued by the U.S.
Food and Drug Administration. Limitations are typicaly set on dosages to
foodstuffs of 1 kilogray (100 kilorads) except for dried spices, not to exceed
30 kGy (3 Mrads).

TaBLE18.3
Approvals by the Food and Drug Administration for Use of Irradiated Substances
(Source: FDA Consumer, November 1990, p. 11)

Product Purpose of irradiation ~ Dose (krad)  Date
Wheat and powder  Disinfest insects 20-50 1963
White potatoes Extend shdlf life 5-15 1965
Spices, seasonings Decontaminate 3000 1983
Food enzymes Control insects 1000 1985
Pork products Control trichinae 30-100 1985
Fresh fruits Delay spoilage 100 1986
Enzymes Decontaminate 1000 1986
Dried vegetables Decontaminate 3000 1986
Poultry Control salmonella 300 1990

Note: 1 krad = 10 Gy.

Labeling of the packages to indicate specia treatment is required, using
a phrase such as “treated with radiation.” In addition, packages will exhibit
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the international logo, caled a radura, shown in Figure 18.2. The symbol’s
solid circle represents an energy source; the two petals signify food; the
breaks in the outer circle mean rays from the energy source.

l %Y
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Fii. 18.2  International lego to appear on all irradiated food
Fina rules on red meat irradiation as a food additive were issued by
FDA in December 1997 and by USDA in December 1999 (see References).
The action was prompted in part by the discovery of the bacterium E.coli
contamination of hamburger by an Arkansas supplier. Some 25 tons of meat
were recalled and destroyed. The new rule cites statistics on outbreaks of
disease and numbers of deaths related to beef. Maximum permitted doses
for meat are 4.5 kGy (450 krads) as refrigerated and 7.0 kGy (700 krads) as
frozen. Over 80 technical references are cited, on all aspects of the subject.
Approva to irradiate does not guarantee that it actually will be done,

however. Many large food processors and grocery chains tend to shy away
from the use of irradiated food products, believing that the public will be
afraid of al of their products. Obvioudy, people will not have much
opportunity to find treated foods acceptable if there are few products on the
market. Advantage of that reluctance is taken by anti-irradiation activists,
who claim that the companies have deemed the process unsafe. In contrast,
enthusiastic endorsement of food irradiation is provided by organizations
such as World Hedth Organization, American Medical Association,
American Diatetic Association, Internationa Atomic Energy Agency,
Grocery Manufacturers of America, and many others (see References).

18.3 Sterilization of Medical Supplies

Ever since the germ theory of disease was discovered, effective methods
of derilizing medical products have been sought. Example items are
medical ingtruments, plastic gloves, sutures, dressings, needles, and
syringes. Methods of killing bacteria in the past include dry heat, steam
under pressure, and strong chemicals such as carbolic acid and gaseous
ethylene oxide. Some of the chemicals are too harsh for equipment that is to
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be re-used, and often the substan