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Notice

Medicine is an ever-changing science. As new research and clinical experience
broaden our knowledge, changes in treatment and drug therapy are required.
The authors and the publisher of this work have checked with sources believed
to be reliable in their efforts to provide information thatis complete and gener-
ally in accord with the standards accepted at the time of publication. However,
in view of the possibility of human error or changes in medical sciences, nei-
ther the authors nor the publisher nor any other party who has been involved
in the preparation or publication of this work warrants that the information
contained herein is in every respect accurate or complete, and they disclaim
all responsibility for any errors or omissions or for the results obtained from
use of the information contained in this work. Readers are encouraged to con-
firm the information contained herein with other sources. For example and
in particular, readers are advised to check the product information sheet in-
cluded in the package of each drug they plan to administer to be certain that
the information contained in this work is accurate and that changes have not
been made in the recommended dose or in the contraindications for adminis-
tration. This recommendation is of particular importance in connection with
new or infrequently used drugs.
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PREFACE

The practice of radiation safety is a continually evolving activity. Many of the changes
in the practice of ionizing and nonionizing radiation safety, in calculation method-
ology, and in the methods for demonstrating compliance with the safety standards
that have occurred since the publication of the previous edition of Introduction to
Health Physics are incorporated in the fourth edition.

Since their inception in 1928, the Recommendations of the International Com-
mission on Radiological Protection have formed the scientific basis for ionizing ra-
diation safety standards issued by regulatory authorities throughout the world. Gen-
erally, earlier recommendations were successively more restrictive than the previous
ones. The 2006 recommendations, however, are essentially the same as the previous
recommendations made in 1990. The main difference is that the 2006 recommen-
dations are made on the basis of the increased knowledge acquired since 1990. This
is not surprising, since no harmful radiation effects have been observed among the
population of radiation workers whose doses had been within the previous stan-
dards. The new recommendations continued to stress that all unnecessary exposure
be avoided and that all exposures should be kept as low as reasonably achievable,
economic and social factors being taken into account. A reasonable question, there-
fore, thatis raised by the ICRP recommendations is “How safe is safe?” This question
lies in the field that Dr. Alvin Weinberg, the late director of the Oak Ridge National
Laboratory, called transscience. Transscientific questions have a scientific basis, but
they cannot be answered by science alone. Safety is a subjective concept that can
be interpreted only within the context of its application. Policy decisions regarding
matters of health and safety should be made in the context of public health. In the
practice of public health, we find that numerous diseases and threats to health are
always present in every community. The cost of controlling these threats to health
is borne by the community. Since the community has limited resources, it must set
priorities regarding which of the many real or perceived health threats to control.
One of the techniques for quantifying the likelihood of the expression of a potential
risk is called quantitative risk assessment. In the area of radiation safety, this usually
deals with two main risks: (1) failure of a large technological system, such as a nu-
clear power plant, and (2) the long-term effects of low-level radiation. The results
of quantitative risk assessment are often perceived as the determination of a real
threat to life or limb, no matter how small the calculated chance of occurrence.
However, quantitative risk assessment is a calculation that almost always assumes the
most pessimistic, and in many cases entirely unrealistic, values for parameters whose
magnitudes include several different uncertainties. In addition to statistical uncer-
tainties, for example, we must choose among several different equally reasonable
models to which to apply the statistical data. One of the purposes of this edition is

XI



to provide the technical background needed to understand the calculation and use
of quantitative risk assessment for radiation hazards in order to help us to allocate
our limited resources.

Although it has been a number of years since the ICRP recommended that health
physics quantities be expressed in the meter—kilogram-second (MKS) units of the
SI system rather than the traditional units based on the centimeter—-gram-second
(cgs) system, the change to the ST units hasnotyet been universallyimplemented. For
example, the U.S. Nuclear Regulatory Commission continues to use the traditional
system of units in its regulations. For this reason, this edition continues to use both
systems, with one or the other equivalent quantity given in parentheses.

I wish to thank the many persons, too numerous to mention by name, for their
helpful suggestions. I also owe a debt of gratitude to my former student and now
colleague, Thomas Johnson, for his authorship of Chapter 14 and for checking the
text of the other chapters, and to his wife, Melissa, for giving up her time with her
husband so that he could contribute to this book.

Herman Cember



Health
Physics
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INTRODUCTION

Health physics, radiological health, or radiological engineering are synonymous
terms for that area of public health and environmental health engineering that deals
with the safe use of ionizing and nonionizing radiation in order to prevent harmful
effects of the radiation to individuals, to population groups, and to the biosphere.
The health physicist is responsible for safety aspects in the design of processes,
equipment, and facilities utilizing radiation sources and for the safe disposal of
radioactive waste so that radiation exposure to personnel will be minimized and
will at all times be within acceptable limits; he or she must keep personnel and the
environment under constant surveillance in order to ascertain that these designs
are indeed effective. If control measures are found to be ineffective or if they break
down, the health physicist must be able to evaluate the degree of hazard and make
recommendations regarding remedial action.

Public policy vis-a-vis radiation safety is based on political, economic, moral, and
ethical considerations as well as on scientific and engineering principles. This text-
book deals only with the scientific and engineering bases for the practice of health
physics.

The scientific and engineering aspects of health physics are concerned mainly
with (1) the physical measurements of different types of radiation and radio-
active materials, (2) the establishment of quantitative relationships between radi-
ation exposure and biological damage, (3) the movement of radioactivity through
the environment, and (4) the design of radiologically safe equipment, processes,
and environments. Clearly, health physics is a professional field that cuts across the
basic physical, life, and earth sciences as well as such applied areas as toxicology, in-
dustrial hygiene, medicine, public health, and engineering. The professional health
physicist, therefore, in order to perform effectively, must have an appreciation of the
complex interrelationships between humans and the physical, chemical, biological,
and even social components of the environment. He or she must be competentin the
wide spectrum of disciplines that bridge the fields between industrial operations and
technology on one hand and health science, including epidemiology, on the other.
In addition to these general prerequisites, the health physicist must be technically
competent in the subject matter unique to health physics.

The main purpose of this book is to lay the groundwork for attaining techni-
cal competency in health physics. Radiation safety standards undergo continuing
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CHAPTER 1

change as new knowledge is gained and as the public’s perception of radiation’s
benefits and risks evolve. Radiation safety nomenclature too changes in order to
accommodate changing standards.

Because of the nature of the subject matter and the topics covered, however, it is
hoped that the book will be a useful source of information to workers in environ-
mental health as well as to those who will use radiation as a tool. For the latter group,
itis also hoped that this book will impart an appreciation for radiation safety as well
as an understanding of the philosophy of environmental health.



REVIEW OF PHYSICAL
PRINCIPLES

MECHANICS

Units and Dimensions

Health physics is a science and hence is a systematic organization of knowledge
about the interaction between radiation and organic and inorganic matter. Quite
clearly, the organization must be quantitative as well as qualitative since the control
of radiation hazards implies knowledge of the dose-response relationship between
radiation exposure and the biological effects of radiation.

Quantitative relationships are based on measurements, which, in reality, are com-
parisons of the attribute under investigation to a standard. A measurement includes
two components: a number and a unit. In measuring the height of a person, for
example, the result is given as 70 inches (in.) if the British system of units is used
or as 177.8 centimeters (cm) if the metric system is used. The unit inches in the
first case and centimeters in the second tell us what the criterion for comparison is,
and the number tells us how many of these units are included in the quantity being
measured. Although 70 in. means exactly the same thing as 177.8 cm, it is clear that
without an understanding of the units the information contained in the number
above would be meaningless. In the United States, the British system of units is used
chiefly in engineering, while the metric system is widely used in science.

Three physical quantities are considered basic in the physical sciences: length,
mass, and time. In the British system of units, these quantities are measured in feet,
slugs (a slug is that quantity of mass that is accelerated at a rate of one foot per
second per second by a force of one pound; a mass of 1 slug weighs 32.2 pounds),
and seconds, respectively, while the metric system is divided into two subsystems: the
mks—in which the three quantities are specified in meters, kilograms, and seconds—
and the cgs—in which centimeters, grams, and seconds are used to designate length,
mass, and time.

By international agreement, the metric system is being replaced by a third and
new system—the Systéme International, the International System of Units, or simply
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the SI system. Although many familiar metric units are employed in SI, it should be
emphasized that SI is a new system and must not be thought of as a new form of the
metric system. All the other units such as force, energy, power, and so on are derived
from the three basic units of mass in kilograms (kg), length in meters (m), and time
in seconds (s), plus the four additional basic units: electric current in amperes (A),
temperature in Kelvin (K) or degrees Celsius (°C), where 1 K = 1°C, amount of a
substance in moles (mol), and luminous intensity in candelas (cd). For example,
the unit of force, the newton (N), is defined as follows:

One newton is the unbalanced force that will accelerate a mass of one kilogram at a rate
of one meter per second per second.

Expressed mathematically:
Force = mass x acceleration,
that is,
F=mx a, (2.1)

and the dimensions are

m/s
F =kg x —/
s
Since dimensions may be treated algebraically in the same way as numbers, the
dimension for acceleration is written as m/s2. The dimensions for force in units of
newton (N), therefore, are

kg - m

N = .
s2

In the cgs system, the unit of force is called the dyne. The dyne is defined as follows:

One dyne is the unbalanced force that will accelerate a mass of one gram at a rate of
one cm per second per second.

For health physics applications, the magnitude of cgs units were closer to the
magnitudes being measured than the mks units and, therefore, the cgs system was
universally used. However, despite the long history of cgs-based units, the cgs system
is being replaced by SI units in order to be consistent with most of the other sciences
that have adopted SI units. All the international bodies that deal with radiation safety
base their recommendations on SI units. However, the U.S. Nuclear Regulatory
Commission continues to use the traditional cgs units in its regulatory activities.

Work and Energy

Energy is defined as the ability to do work. Since all work requires the expenditure of
energy, the two terms are expressed in the same units and consequently have the
same dimensions. Work W is done, or energy expended, when a force f is exerted
through some distance 7r:

W= fxr (2.2)
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In the SI system, the joule (J) (named after the British scientist who measured the
mechanical equivalent of heat energy) is the unit of work and energy and is defined
as follows:

One joule of work is done when a force of one newton is exerted through a distance of
one meter.

Since work is defined as the product of a force and a distance, the dimensions for

work and energy are as follows:

joule = newton x meter

. .m?
:kg m :kgm

s2 s?

: (2.3)

The unit of work or energy in the cgs system is called the erg and is defined as follows:

One erg of work is done when a force of one dyne is exerted through a distance of one
centimeter.

The joule is a much greater amount of energy than an erg.
1 joule = 107ergs.

Although the erg is very much smaller than a joule, it nevertheless is very much
greater than the energies encountered in the submicroscopic world of the atom.
When working on the atomic scale, a more practical unit called the electron volt (V)
is used. The electron volt is a unit of energy and is defined as follows:

1eV=16x10"7]=1.6 x 10 Perg.

When work is done on a body, the energy expended in doing the work is added to
the energy of the body. For example, if a mass is lifted from one elevation to another,
the energy that was expended during the performance of the work is converted to
potential energy. On the other hand, when work is done to accelerate a body, the
energy that was expended appears as kinetic energy in the moving body. In the case
where work was done in lifting a body, the mass possesses more potential energy
at the higher elevation than it did before it was lifted. Work was done, in this case,
against the force of gravity and the total increase in potential energy of the mass is
equal to its weight, which is the force with which the mass is attracted to the earth,
multiplied by the height through which the mass was raised. Potential energyis defined
as energy that a body possesses by virtue of its position in a force field. Kinetic energy
is defined as energy possessed by a moving body as result of its motion. For bodies
of mass m, moving “slowly” with a velocity v less than about 3 x 107 m/s, the kinetic
energy, Ly, is given by

Ex = —mv°, (2.3a)

and the total energy of the body is equal to the sum of its potential energy and its
kinetic energy

Et = Epe + Ek‘ (2-31))
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When the speed of a moving body increases beyond about 3 x 107 m/s, we ob-
serve interesting changes in their behavior—changes that were explained by Albert
Einstein.

RELATIVISTIC EFFECTS

According to the system of classical mechanics that was developed by Newton and
the other great thinkers of the Renaissance period, mass is an immutable property of
matter; it can be changed in size, shape, or state but it can neither be created nor be
destroyed. Although this law of conservation of mass seems to be true for the world
that we can perceive with our senses, it is in fact only a special case for conditions
of large masses and slow speeds. In the submicroscopic world of the atom, where
masses are measured on the order of 10727 kg, where distances are measured on the
order of 1071% m, and where velocities are measured in terms of the velocity of light,
classical mechanics is not applicable.

Einstein, in his special theory of relativity, postulated that the velocity of light
in a vacuum is constant at 3 x 10® m/s relative to every observer in any reference
frame. He also postulated that the speed of light is an upper limit of speed that
a material body can asymptotically approach, but never can attain. Furthermore,
according to Einstein, the mass of a moving body is not constant, as was previously
thought, but rather a function of the velocity with which the body is moving. As the
velocity increases, the mass increases, and when the velocity of the body approaches
the velocity of light, the mass increases very rapidly. The mass m of a moving object
whose velocity is v is related to its rest mass my by the equation

m= (2.4)

02

-5
2

where c is the velocity of light, 3 x 108 m/s.

6 .
\é@ EXAMPLE 2.1

Compute the mass of an electron moving at 10% and 90% of the speed of light. The
rest mass of an electron is 9.11 x 107! kg.

Solution
Atv=0.1c,
B 9.11 x 10731 kg

(0.1 ¢)?
62

m =9.16 x 107! kg
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and at v = 0.99 ¢,

9.11 x 103! k
m= e X 8 64,6 x 107 kg

(0.99 ¢)?
1 — =7
62

Example 2.1 shows that whereas an electron suffers a mass increase of only 0.5%
when it is moving at 10% of the speed of light, its mass increases about sevenfold
when the velocity is increased to 99% of the velocity of light.

Kinetic energy of a moving body can be thought of as the income from work put
into the body, or energy input, in order to bring the body up to its final velocity.
Expressed mathematically, we have

1 .
W=Ek:fxr=§mv2. (2.5)

However, the expression for kinetic energy in Eqgs. (2.3) and (2.5) is a special
case since the mass is assumed to remain constant during the time that the body
is undergoing acceleration from its initial to its final velocity. If the final velocity
is sufficiently high to produce observable relativistic effects (this is usually taken as
v~ 0.1c =3 x 10" m/s, then Egs. (2.3) and (2.5) are no longer valid.

As the body gains velocity under the influence of an unbalanced force, its mass
continuously increases until it attains the value given by Eq. (2.4). This particular
value for the mass is thus applicable only to one point during the time that body
was undergoing acceleration. The magnitude of the unbalanced force, therefore,
must be continuously increased during the accelerating process to compensate for
the increasing inertia of the body due to its continuously increasing mass. Equations
(2.2) and (2.5) assume the force to be constant and therefore are not applicable
to cases where relativistic effects must be considered. One way of overcoming this
difficulty is to divide the total distance r into many smaller distances, Ary, Ary, ...,
Ary, as shown in Figure 2-1, multiply each of these small distances by the average
force exerted while traversing the small distance, and then sum the products. This
process may be written as

WZﬁArl+]r2A72+""+anyn (2-68)

| AI’1 >|< Ar2>|<Ar3>|< ........... >|4Ar i

< r >

n
Figure 2-1. Diagram illustrating that the total work done in accelerating a body is W= )" f,Ar,.

n=1
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and symbolized by
W= Z fu A, (2.6b)
n=1

As 7 is successively divided into smaller and smaller lengths, the calculation of
the work done, using Eq. (2.6), becomes more accurate. A limiting value for W may
be obtained by letting each small distance Ar, in Eq. (2.6) approach zero, that is,
by considering such small increments of distance that the force remains approxi-
mately constant during the specified interval. In the notation of the calculus, such
an infinitesimally small quantity is called a differential and is specified by prefixing
the symbol for the quantity with the letter “d.” Thus, if r represents distance, dr
represents an infinitesimally small distance and the differential of work done, which
is the product of the force and the infinitesimally small distance, is given by

dW = fdr. (2.7)

The total energy expended in going from the point ry to point r,, then, is merely
the sum of all the products of the force and the infinitesimally small distances
through which it acted. This sum is indicated by the mathematical notation

W= /_ fdr. (2.8)

r=0

The ratio of two differentials, dW/dr, for example, is called a derivative, and the
process in which a derivative is obtained is called differentiation. Since acceleration is
defined as the rate of change of velocity with respect to time,

Vo — U] Av
a = = > (2.9)
lo — 1 At
where v; and vs are the respective velocities at times ¢ and &. Then Eq. (2.1) may
be written as
=2 (2.10)
= m—, .
Al
and byletting A¢approach zero we obtain the instantaneous rate of change of velocity
or the derivative of velocity with respect to time. Using the differential notation, we
have

dv
f=m TR (2.11)
This is the expression of Newton’s second law of motion for the nonrelativistic
case where the mass remains constant. Newton’s second law states that the rate of
change of momentum of an accelerating body is proportional to the unbalanced
force acting on the body. For the general case, where mass is not constant, Newton’s
second law is written as

d (mv)

f= a (2.12)
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Substitution of the value of f from Eq. (2.12) into Eq. (2.8) gives

[ d(mv)
W_/ = ar. (2.13)
0

Since v = dr/dt, Eq. (2.13) can be written as

t d mv
W= / ((;’Z”) vdt = / vd (mv), (2.14)
0 0
I mo
and substituting m = i e have
v
1—- =
(%)
mov
w= [ vd T (2.15)
C0-5)
Differentiating the term in the parenthesis gives
v vs
2
— mo v ¢ dv. (2.16)

_l’_
ENE AL
C1l-= 1=
C C

Now, multiply the numerator and denominator of the first term in Eq. (2.16) by
[l — (vg/cg)] to obtain

W 3
o P ,
W = my I + I dv (2.17)
-5 (%)
i v i 1
= my N mo NG (2.18)
0 (1 — ;) 0 v <1 — E) dv
The integrand in Eq. (2.18) is almost in the form
b un+1 b
"du = 2.19
/ u'du nr | ( )
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where

1
u'=——- and du:—@dv.

To convert Eq. (2.18) into the form for integration given by Eq. (2.19), it is neces-
sary only to complete du. This is done by multiplying the integrand by -2/ ¢? and
the entire expression by —c?/2 in order to keep the total value of Eq. (2.18) un-
changed. The solution of Eq. (2.18), which gives the kinetic energy of a body that
was accelerated from zero velocity to a velocity v, is

1

1
=1 = [— - 1} : (2.20)
9\ 1/2 1/2
(1 _ v_) [1-#°]

c2

Ey=W= m062

where 8 = v/c.
Equation (2.20) is the exact expression for kinetic energy and must be used
whenever the moving body experiences observable relativistic effects.

\%‘a

EXAMPLE 2.2

(a) What s the kinetic energy of the electron in Example 2.1 that travels at 99% of

the velocity of light?

Solution

g 1

(b)

2 1
—9.11 x 10 ke (3 x 108 T) 11 =499 % 107
s [1—(0.99)%]

How much additional energy is required to increase the velocity of this electron
to 99.9% of the velocity of light, an increase in velocity of only 0.91%?

Solution

The kinetic energy of an electron whose velocity is 99.9% of the speed of light is

S

2 1
Ey=9.11 x 107 kg (3 x 10° E) { : 1} =1752 x 10713

1-(0.999)%]'"*
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The additional work necessary to increase the kinetic energy of the electron
from 99% to 99.9% of the velocity of light is

AW = (17.52 —4.99) x 107
= 1253 x 10713 ].

(c) What is the mass of the electron whose g is 0.999?

Solution

9.11 x 10 k
m=— = X & _ 904 x 107 kg.

(1-p)""  [1-(0999)?]"

The relativistic expression for kinetic energy given by Eq. (2.20) is rigorously
true for particles moving at all velocities while the nonrelativistic expression for
kinetic energy, Eq. (2.3), is applicable only to cases where the velocity of the moving
particle is much less than the velocity of light. It can be shown that the relativistic
expression reduces to the nonrelativistic expression for low velocities by expanding
the expression (1 — ,32)71/2 in Eq. (2.20) according to the binomial theorem and
then dropping higher terms that become insignificant when v < ¢. According to
the binomial theorem,

n(n—1) a"2b?

(a+b)"=a"+na"’1b+T+-~- (2.21)

The expansion of (1 — ,32)71/2 according to Eq. (2.21), is accomplished by letting
a=1b=—82 and n= —1/2.

(1_ﬁ2)—1/2=1+%ﬁ2+§ﬂ4+.... (2.22)

Since B = v/, then, if v K ¢, terms from B* and higher will be insignificantly small
and may therefore be dropped. Then, after substituting the first two terms from
Eq. (2.22) into Eq. (2.20), we have

g 17 1

Ex = myc? <1 + 52~ 1) = §m0v2,
which is the nonrelativistic case. Equation (2.3) is applicable when v < ¢.

In Example 2.2, it was shown that at a very high velocity (8 = 0.99) a kinetic
energy increase of 253% resulted in a velocity increase of the moving body by only
0.91%. In nonrelativistic cases, the increase in velocity is directly proportional to the
square root of the work done on the moving body or, in other words, to the kinetic
energy of the body. In the relativistic case, the velocity increase due to additional
energy is smaller than in the nonrelativistic case because the additional energy serves
to increase the mass of the moving body rather than its velocity. This equivalence
of mass and energy is one of the most important consequences of Einstein’s special
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theory of relativity. According to Einstein, the relationship between mass and energy
is

E = mc?, (2.23)

where E is the total energy of a piece of matter whose mass is m and ¢ is the velocity of
light in vacuum. The principle of relativity tells us that all matter contains potential
energy by virtue of its mass. It is this energy source that is tapped to obtain nuclear
energy. The main virtue of this energy source is the vast amount of energy that can be
derived from conversion into its energy equivalent of small amounts of nuclear fuel.

i
\é@ EXAMPLE 2.3

kW - h
E=09x 1013l x 278 x 1077 ——— = 2.5 x 107

Bt
95x 107 kKW-h = 1.3 x 10‘*1—10u % 2.93 x 10~

(a) How much energy can be obtained from 1 g of nuclear fuel?

Solution

2
E=m?=1x10"%kg x (3x1089) —9x10°].
S

Since there are 2.78 x 1077 kilowatt-hours (kW h) per joule, 1 g of nuclear fuel yields

kW - h
g J g

(b) How much coal, whose heat contentis 13,000 Btu/1b, must be burned to liberate

the same amount of energy as 1 g of nuclear fuel?

Solution

1Btu =293 x 107*kWh.

Therefore, the amount of coal required is

kW - h
tu

Ib
x2 x 10°—— x C tons
ton

Therefore,

C = 3280 tons (2981 metric tons)

The loss in mass accompanying ordinary energy transformations is not de-
tectable because of the very large amount of energy released per unit mass and the
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consequent very small change in mass for ordinary reactions. In the case of coal, for
example, the above example shows a loss in mass of 1 g per 3280 tons. The fractional
mass loss is

A 1
f = —m = g lb = SS X 10_10.
"398 % 10% tons x 2 x 108 — x 4.54 x 1025
ton b
Such a small fractional loss in mass is not detectable by any of our ordinary weighing
techniques.
ELECTRICITY

Electric Charge: The Coulomb

All the elements are electrical in nature and, except for hydrogen, are constructed
of multiples of two charged particles and one uncharged particle. Their electrical
properties are due to extremely small, charged particles called protons and electrons.
The mass of the proton is 1.6726 x 10727 kg (1.6726 x 10~2* g) and the mass of the
electron is 9.1085 x 107%! kg (9.1085 x 102 g). These two particles have charges
of exactly the same magnitude but are qualitatively different. A proton is said to
have a positive charge and an electron has a negative charge. Under normal con-
ditions, matter is electrically neutral because the positive and negative charges are
homogeneously (on a macroscopic scale) dispersed in equal numbers in a manner
that results in no net charge. However, it is possible, by suitable treatment, to induce
either net positive or negative charges on bodies. For example, combing the hair
with a hard rubber comb transfers electrons to the comb from the hair, leaving a net
negative charge on the comb. The uncharged component in every element is called
the neutron; it has a mass of 1.67492 x 10727 kg (1.67492 x 1072* g). For health
physics purposes, these three particles—electron, proton, and neutron—may be
considered the basic building blocks of matter (although we now believe that protons
and neutrons themselves are made of still smaller particles called quarks). It should
be pointed out here that high-energy accelerators produce—in addition to protons,
neutrons, and electrons—a number of different extremely shortlived unstable
particles. In the context of health physics, the most important of these particles are
charged and uncharged pions (pi-mesons) and muons (mu-mesons) because they give
rise to very high-energy electrons and gamma rays when they decay. Muons are also
produced by cosmic radiation and contribute to the dose from cosmic radiation.

Charged bodies exert forces on each other by virtue of their electric fields. Bodies
with like charges repel each other while those with unlike charges attract each other.
In the case of point charges, the magnitude of these electric forces is proportional to
the product of the charges and inversely proportional to the square of the distance
between the charged bodies. This relationship was described by Coulomb and is
known as Coulomb’s law. Expressed algebraically, it is

4142
f= k?' (2.24)

where £, the constant of proportionality, depends on the nature of the medium that
separates the charges. In the SI system, the unit of electric charge, called the coulomb
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(C), is defined in terms of electric current rather than by Coulomb’s law. For this
reason, the constant of proportionality has a value not equal to 1 but rather
N - m?

C2

ko =9 x 10° (2.25)

when the two charges are in avacuum or in air (air atatmospheric pressure exerts very
little influence on the force developed between charges and thus may be considered
equivalent to a vacuum). The subscript 0 signifies the value of k in a vacuum. If
the charges are separated by materials, other than air, that are poor conductors of
electricity (such materials are called dielectrics),, the value of k is different and depends
on the material.

Itis convenient to define kg in terms of another constant, &g, called the permittivity:

1 N - m?2
ko = =9 x 10° , .26
0 ey x C2 (2.26)
1 1 e C?
80:4711: = N2 = 8.85 x 10 —N~m?’
O 47 x9x10°

C2
where g is the permittivity of a vacuum. The permittivity of any other medium is
designated by e. The relative permittivity, K,, of a substance is defined by

K= (2.27)

€0
and is called the dielectric coefficient.

For all dielectric materials, the dielectric coefficient has a value greater than 1.
The permittivity, or the dielectric coefficient, is a measure of the amount of electric
energy that can be stored in a medium when the medium is placed into a given
electric field. If everything else is held constant, a higher dielectric coefficient leads
to a greater amount of stored electric energy.

The smallest natural quantity of electric charge is the charge on the electron or
proton, 1.6 x 107! C. The reciprocal of the electronic charge, 6.25 x 1018, is the
number of electrons whose aggregate charge is 1 C. In the cgs system, the unit of
charge is the statcoulomb (sC) and the electronic charge is 4.8 x 107! sC. There are
3 x 10°sCin 1 C.

\%@.

EXAMPLE 2.4

Compare the electrical and gravitational forces of attraction between an electron

and

a proton separated by 5 x 1071 m.

Solution

The electrical force is given by Eq. (2.24):

f=hTE —9x10°
r

N-m?2 1.6x1079C x 1.6 x 107 C
[y X [5
c? (5 x 10-11 m)*

=9.2x 108 N.
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The gravitational force between two bodies follows the same mathematical formu-
lation as Coulomb’s law for electrical forces. In the case of gravitational forces, the
force is always attractive. The gravitational force is given by

P S (2.28)
r
G is a universal constant that is equal to 6.67 x 107! N - m?/kg® and must be used
because the unit of force, the newton, was originally defined using “inertial” mass, ac-
cording to Newton’s second law of motion, given by Eq. (2.1). The mass in Eq. (2.28)
is commonly called “gravitational” mass. Despite the two different designations, it
should be emphasized that inertial mass and gravitational mass are equivalent. It
should also be pointed out that I in Eq. (2.28) gives the weight of an object of mass
m1 when mo represents the mass of the earth and r is the distance from the object
to the center of the earth. Weight is merely a measure of the gravitational attractive
force between an object and the earth and therefore varies from point to point on
the surface of the earth, according to the distance of the point from the earth’s
center. On the surface of another planet, the weight of the same object would be
different from that on earth because of the different size and mass of that planet and
its consequent different attractive force. In outer space, if the object is not under
the gravitational influence of any heavenly body, it must be weightless. Mass, on the
other hand, is a measure of the amount of matter and its numerical value is therefore
independent of the point in the universe where it is measured.
The gravitational force between the electron and the proton is

N m?
6.67 x 10711 ——
kg

x 9.11 x 107 kg x 1.67 x 107* kg

(5 x 1011 m)”

=41 x107% N.

Itis immediately apparent that in the interaction between charged particles, grav-
itational forces are extremely small in comparison with the electrical forces acting
between the particles and may be completely neglected in most instances.

Electrical Potential: The Volt

If one charge is held rigidly and another charge is placed in the electric field of
the first charge, it will have a certain amount of potential energy relative to any
other point within the electric field. In the case of electric potential energy, the
reference point is taken at an infinite distance from the charge that sets up the
electric field, that is, at a point far enough from the charge so that its effect is
negligible. As a consequence of the great separation, these charges do not interact
electrically. Therefore, a value of zero is arbitrarily assigned to the potential energy
in the system of charges; the charge at an infinite distance from the one that sets up
the electric field has no electric potential energy. If the two charges are of the same
sign, bringing them closer together requires work (or the expenditure of energy) in
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+AP—————— s —@®+q
l-———— [p ——D—I
Figure 2-2. Diagram illustrating work done in
moving a charge between two points of differ-
ent potential in an electric field. B fa 1

order to overcome the repulsive force between the two charges. Since work was done
in bringing the two charges together, the potential energy in the system of charges is
now greater than it was initially. On the other hand, if the two charges are of opposite
signs, then a decrease in distance between them occurs spontaneously because of
the attractive forces, and work is done by the system. The potential energy of the
system consequently decreases, that is, the potential energy of the freely moving
charge with respect to the rigidly held charge, decreases. This is exactly analogous
to the case of a freely falling mass whose potential energy decreases as it approaches
the surface of the earth. In the case of the mass in the earth’s gravitational field,
however, the reference point for potential energy of the mass is arbitrarily set on
the surface of the earth. This means that the mass has no potential energy when
it is lying right on the earth’s surface. All numerical values for potential energy of
the mass, therefore, are positive numbers. In the case of electric potential energy,
however, as a consequence of the arbitrary convention that the point of the zero
numerical value is at an infinite distance from the charge that sets up the electric
field, the numerical values for the potential energy of a charge, owing to attractive
electrical forces, must be negative.

The quantitative aspects of electric potential energy may be investigated with the
aid of Figure 2-2, which shows a charge + Q that sets up an electric field extending
uniformly in all directions. Another charge, 4-¢, is used to explore the electric field
set up by Q. When the exploring charge is at point a, at a distance r, cm from
Q, it has an amount of potential energy that depends on the magnitudes of 0O, ¢,
and r,. If the charge ¢ is now to be moved to point b, which is closer to @, then,
because of the repulsive force between the two charges, work is done in moving the
charge from point a to point b. The amount of work that is done in moving charge
¢ from point a to point b may be calculated by multiplying the force exerted on the
charge ¢ by the distance through which it was moved, in accordance with Eq. (2.2).
From Eq. (2.24), however, it is seen that the force is not constant but varies inversely
with the square of the distance between the charges. The magnitude of the force,
therefore, increases rapidly as the charge ¢ approaches Q, and increasingly greater
amounts of work are done when the exploring charge ¢ is moved a unit distance. The
movement of the exploring charge may be accomplished by a series of infinitesimally
small movements, during each of which an infinitesimally small amount of work is
done. The total energy expenditure, or increase in potential energy of the exploring
charge, is then merely equal to the sum of all the infinitesimal increments of work.
This infinitesimal energy increment is given by Eq. (2.7):

AW = — fdr
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(the minus sign is used here because an increase in potential energy results from a
decrease in distance between the charges) and, if the value for f from Eq. (2.24) is
substituted into Eq. (2.7), we have

dW = —kogqur,
r

Tp dy-
W= —kqu ﬁ

rﬂ

Integration of Eq. (2.30) gives

1

W=k Qq (_—l>-

Tb

Ta

(2.29)

(2.30)

(2.31)

If the distances @ and b are measured in meters and if the charges are given in
coulombs, then the energy W is given in joules.

\%‘@.

EXAMPLE 2.5

If, in Figure 2-2, Q is +44.4 uC, g is +5 nC, and 7, and 7, are 2 m and 1 m re-
spectively, then calculate the work done in moving the 5 uC charge from point a to
point b.

Solution

The work done is, from Eq. (2.31),

. 2
We=0x10) ™
C2
=IN-m=1].

X X 1
x44.4x107%C x 5x107° c<—
m

In this example, 1 ] of energy was expended in moving the 5 uC of charge from

a to b. The work per unit charge is

w 1]

g 5x10°C

= 200, 000

J
C
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We therefore say that the potential difference between points @ and b is 200,000 V,
since, by definition:

One volt of potential difference exists between any two points in an electric field if one
joule of energy is expended in moving a charge of one coulomb between the two points.

Expressed more concisely, the definition of a volt is
J
1V=1=<=.
C

In Example 2.5, point 4 is the point of higher potential with respect to point a,
because work had to be done on the charge to move it to 6 from a.

The electrical potential at any point due to an electric field from a point charge
Q is defined as the potential energy that a unit positive exploring charge +¢ would
have if it were brought from a point at an infinite distance from Q to the point in
question. The electrical potential at point 4 in Figure 2-2 can be computed from
Eq. (2.30) by setting distance r, equal to infinity. The potential at point b, V}, which
is defined as the potential energy per unit positive charge at b, is, therefore:

W
Vi=—= kog- (2.32)
q b

6 .
‘\é@ EXAMPLE 2.6

(a) What is the potential at a distance of 5 x 107! m from a proton?

Solution

N-m?> 16x107°C N.
Vel o900 oM, 16X —988 — 1
r C2 5 x 10~1'm C

J

=288 = =288V
2 C 2

(b) What is the potential energy of another proton at this point?

Solution

According to Eq. (2.32), the potential energy of the proton is equal to the product
of its charge and the potential of its location. Therefore,

Ey,=qV=16x10"""Cx288V=4.6x10""].
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Electrical Current: The Ampere

A flow of electrically charged particles constitutes an electric current. The unit for
the amount of current is the ampere (A), which is a measure of the time rate of
flow of charge. The ampere is defined in the SI system by the interaction between a
current flowing through a conductor and a magnetic field. However, a useful working
definition is that one ampere represents a flow rate of charge of one coulomb per
second. Ordinarily, the charge carrier in an electric current is the electron. Since
the charge on an electron is 1.6 x 107!% C, a current of 1 A represents an electron
flow rate of

1 i/s o 1 -  6.95 x 108 electerns/s
1.6 x 10719 —

electron

A 100-uA electron beam in an X-ray tube represents an electron flow rate of

‘ lect
100 x 1075 A x 6.25 x 10'® %"m/s — 6.25 x 10 electrons/s.

Current is determined only by the flow rate of charge. For example, in the case of
a beam of alpha particles, whose charge =2 x 1.6 x 1079 C =32 x 10712 C, 1 A
corresponds to 3.125 x 10" alpha particles.

The direction of current flow was arbitrarily determined, before the discovery of
the electron, to be from the positive electrode to the negative electrode of a closed
circuit. In fact, the electrons flow in the opposite direction. However, conventional
current flow still goes from positive to negative. When we are interested in the actual
direction of flow, we use the term “electron current” to indicate current flow from
negative to positive.

The Electron Volt: A Unit of Energy

If two electrodes are connected to the terminals of a source of voltage, as shown in
Figure 2-3, then a charged particle anywhere in the electric field between the two
plates will have an amount of potential energy given by Eq. (2.32),

W=qV,

where V is the electrical potential at the point occupied by the charged particle. If,
for example, the cathode in Figure 2-3 is 1-V negative with respect to the anode and
the charged particle is an electron on the surface of the cathode, then the potential

}___

= |1}
I Figure 2-3. Diagram showing the potential energy of
v an electron in an electric field.
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energy of the electron with respect to the anode is

W=¢qV=-16x10"Cx (-1V)
=16x107"]

This amount of energy, 1.6 x 10719 ], is called an electron volt and is symbolized by eV.
Since the magnitude of the electron volt is convenient in dealing with the energetics
of atomic and nuclear mechanics, this quantity of energy is taken as a unit and is
frequently used in health physics. Multiples of the electron volt are the keV (lO3 eV),
the MeV (10° eV), and the GeV (107 eV).

gl -
\é@' EXAMPLE 2.7

How many electron volts of energy correspond to the mass of a resting electron?

Solution

E = mc®
2
= 9.11 x 107 kg x (3 x 10° 9)
S

=81.99 x 10719 ]

Since there are 1.6 x 10719 i,
eV
81.99 x 10715
E= X—JJ —0.51 x 10° eV.
1.6 x 10719 =—
eV

It should be emphasized that, although the numerical value for the electron volt
was calculated by computing the potential energy of an electron at a potential of 1
V, the electron volt is not a unit of electrons or volts; it is a unit of energy and may
be interchanged (after numerical correction) with any other unit of energy.

g1l -
\%@' EXAMPLE 2.8

How many electron volts of heat must be added to change 1 L of water whose
temperature is 50°C to completely dry steam?
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Solution

1
The specific heat of water is 1 2, and the heat of vaporization of water is 539

)

al
—. Therefore,
g

cal cal
heat energy added = 1000 g [1 x (100 — 50) deg 4539 —:|
g - deg g

= 589,000 cal

Since there are 4.186 il and 1.6 x lO‘wi, we have
ca

5.80 x 10° cal x 4.186 - N
heat energy added = cal _ 154 x 10 ev

1.6 x 1071 J
eV

The answer to Example 2.8 is an astronomically large number (but not very much
energy on the scale of ordinary physical and chemical reactions) and shows why the
electron volt is a useful energy unit only for reactions in the atomic world.

i .
\é@' EXAMPLE 2.9

An alpha particle, whose charge is +(2 x 1.6 x 107!?) C and whose mass is 6.645 x
10?7 kg, is accelerated across a potential difference of 100,000 V. What is its kinetic
energy, in joules and in electron volts, and how fast is it moving?

Solution

The potential energy of the alpha particle at the moment it starts to accelerate is,
from Eq. (2.32),

W=qV=2x16x10"Cx10°V
=32x107"]

In terms of electron volts,

3.9 x 1014 i
w2210 o 5 ev

1.6 x 1019 i
eV
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Since all the alpha particle’s potential energy is converted into kinetic energy
after it falls through the 100,000 V (100 kV) potential difference, the kinetic energy
must then be 200,000 eV (200 keV).

The velocity of the alpha particle may be computed by equating its potential and
kinetic energies,

qV = —mv", (2.33)

and solving for v:

1/2

(2qV)1/2 2% 10°Vx32x107C\ "

v=|— =
m 6.645 x 107 kg

—31x100 2
S

Electric Field

Figure 2-4. The force on an exploring charge +gin |
the electric field of charge 4 Q. I

The term electric field was used in the preceding sections of this chapter without an
explicit definition. Implicit in the use of the term, however, was the connotation
by the context that an electric field is any region where electric forces act. “Electric
field” is not merely a descriptive term; defining an electric field requires a number in
order to specify the magnitude of the electric forces that act in the electric field and
a direction in which these forces act, and, thus, itis a vector quantity. The strength of
an electric field is called the electric field intensity and may be defined in terms of the
force (magnitude and direction) that acts on a unit exploring charge that is placed
into the electric field. Consider an isolated charge + Q that sets up an electric field
and an exploring charge 4-¢ that is used to investigate the electric field, as shown in
Figure 2-4. The exploring charge will experience a force in the direction shown and
of a magnitude given by Eq. (2.24):

The force per unit charge at the point r meters from charge Q is the electric field
intensity at that point and is given by the equation

N N - m? C
Szi_zk()—(mXQ—

= = (2.34)

Q q .
@ y
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According to Eq. (2.34), electric field intensity is expressed in units of force per
unit charge, that is, in newton per coulomb. It should be emphasized that ¢ is a
vector quantity, that is, it has direction as well as magnitude.

i .
\é@' EXAMPLE 2.10

(a) What is the electric field intensity at point P due to the two charges +6 C and
+3 G, shown in Figure 2-5(A)?
Solution

The electric field intensity at point P due to the 46 C charge is

o) s N-m?  6C
1= k=2 =9 x 10° — x
: kOrf 2 7 (2m)?

N
=1.35x 10" =
C

and acts in the direction shown in Figure 2-5(A). (The magnitude of the
field intensity is shown graphically by a vector whose length is proportional to
the field intensity. In Figure 2-5(A), the scaleis 1 cm =1 x 10 N/C. ¢ is therefore
drawn 1.35-cm long). g9, the electric field intensity at P due to the +3 C charge, is

; N - m? 3C N
52=k0%=9x109 Mo 2 9710 2,
r2 2 (Im) C

and acts along the line Q9 P, as shown in the illustration. The resultant electric
intensity at point P is the vector sum of &1 and ¢9. If these two vectors are accurately
drawn in magnitude and direction, the resultant may be obtained graphically by
completing the parallelogram of forces and drawing the diagonal er. The length of

©
2 P T
im Q,=+6
01=+6 ce® @i02=+3 c
A B

Figure 2-5. Resultant electric field from (A) two positive charges and (B) two opposite charges.
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the diagonal is proportional to the magnitude of the resultant electric field intensity
and its direction shows the direction of the electric field at point P. In this case, since
1 x 101° N/C s represented by 1 cm, the resultant electric field intensity is found to
be about 4 x 1019 N/C and it acts in a direction 30° clockwise from the vertical. The
value of eg may also be determined from the law of cosines

a® = b*+ ¢ — 2bc cos A, (2.35)

where b and ¢ are two adjacent sides of a triangle, A is the included angle, and a is
the side opposite angle A. In this case, b is 2.7 x 10'°, ¢ is 1.35 x 10', angle A is
120°, and a is the resultant g, the electric field intensity whose magnitude is to be
calculated. From Eq. (2.35), we find

e = (2.7 x 10'%)” 4 (1.5 x 10"%)* = 2/(2.7 x 10'") (1.35 x 10'°) cos 120°

N
er = 3.57 x 1010 —
C

(b) What is the magnitude and direction of ey if the 3 C charge is negative and the

6 C charge is positive?

Solution

In this case, the magnitudes of ¢1 and £9 would be exactly the same as in part (a) of

this example; the direction of ¢; would also remain unchanged, but the direction of
&9 would be toward the —3 C charge, as shown in Figure 2-5(B). From the geometric
arrangement, it is seen that the resultant intensity acts in a direction 120° clockwise
from the vertical. The magnitude of ey, from Eq. (2.35), is

£ = (2.7 x 10'9)* 4 (1.35 x 10'%)* — 2(2.7 x 10') (1.35 x 10') cos 60°

N
er = 2.34 x lOlOE.

Point charges result in nonuniform electric fields. A uniform electric field may
be produced by applying a potential difference across two large parallel plates made
of electrical conductors separated by an insulator, as shown in Figure 2-6.

14

jr— Q. ]

e
| —

Figure 2-6. Conditions for producing a relatively uniform electric field. The field will be quite uniform
throughout the region between the plates, but will be distorted at the edges of the plates.
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The electric intensity throughout the region between the two plates is € newtons
per coulomb. The force acting on any charge within this field therefore is

f=eqN. (2.36)

If the charge ¢ happens to be positive, then to move it across the distance d, from
the negative to the positive plates, against the electric force in the uniform field
requires the expenditure of energy given by the equation

W= fd=¢qd. (2.37)

However, since potential difference (V) is defined as work per unit charge,
Eq. (2.37) may be expressed as

w
V=—=c¢d, (2.38)
q
or
Vv
£ = — —, (2.39)
d m

Equation (2.39) expresses electric field intensity in the units most commonly used
for this purpose—volts per meter.

Anonuniform electric field thatis of interest to the health physicist (in instrument
design) is that due to a potential difference applied across two coaxial conductors,
as shown in Figure 2-7. If the radius of the inner conductor is ¢ meters and that of
the outer conductor is b meters, then the electric intensity at any point between the
two conductors, r meters from the center, is given by

&= % X _ry (2.40)

In <é> m
a

where V is the potential difference between the two conductors.

Figure 2-7. Conditions for the nonuni-
form electric field between two coaxial
conductors given by Eq. (2.40).
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6 .
\é@ EXAMPLE 2.1

A Geiger-Miiller counter is constructed of a wire anode whose diameter is 0.1 mm
and a cathode, coaxial with the anode, whose diameter is 2 cm. If the voltage across
the tube is 1000 V, what is the electric field intensity

(a) ata distance of 0.03 mm from the surface of the anode and

(b) at a point midway between the center of the tube and the cathode?

Solution
(a) We know,
1 \%4
£=—X
r

Letting r = 3 (0.01) 4 0.003 = 0.008 cm = 8 x 10" m,

we have,
1 1000V .V
£ = X =2.36 x 10°—.
8x107°m |, ( 1 ) m
0.005
(b) Atr =0.005m,
1 1000V Y%
&= X =3.78 x 10" —.
0.00bm ( 1 ) m
0.005

It should be noted that in the case of coaxial geometry, extremely intense electric
fields may be obtained with relatively small potential differences. Such large fields
require mainly a small ratio of outer to inner electrode radii.

ENERGY TRANSFER

In a quantitative sense, the biological effects of radiation depend on the amount of
energy absorbed by living matter from a radiation field and by the spatial distribu-
tion in tissue of the absorbed energy. In order to comprehend the physics of tissue
irradiation, some pertinent mechanisms of energy transfer must be understood.
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Elastic Collision

An elastic collision is defined as a collision between two bodies in which kinetic
energy and momentum are conserved; that is, the sum of the kinetic energy of the
two bodies before the collision is equal to their sum after the collision, and the sums
of their momenta before and after the collision are the same. In an elastic collision,
the total kinetic energy is redistributed between the colliding bodies; one body gains
energy at the expense of the other. A simple case is illustrated in the example below.

g1l -
\\é@ EXAMPLE 2.12

A block of mass 10 kg, made of a perfectly elastic material, slides on a frictionless
surface with a velocity of 2 m/s and strikes a stationary elastic block whose mass is
2 kg (Fig. 2-8). How much energy was transferred from the large block (M) to the
small block (m) during the collision?

Solution

If Vi,v1, and Vs and ve are the respective velocities of the large and small blocks
before and after the collision, then, according to the laws of conservation of energy
and momentum, we have

lMV2+1 lMV2+1 (2.41)
— mv = = mv .
2 2719 92
and
MVy + moy = MVo + mue (2.42)

Since v; = 0, Eqs. (2.41) and (2.42) may be solved simultaneously to give

V=11 Eandvg—glE
S

The kinetic energy transferred during the collision is

1 1 1 16 1
“MVE— -MVy=-x10(4——)=11-],
2 2 2 9 9

M= 10kg
Frictioniess m = 2Kkg
surface eV, = 2m/s

v = 0
ATITTT T REEEE TR R AEARE

Figure 2-8. Elastic collision between blocks M and m, in which the sum of both kinetic energy and
momenta of the two blocks before and after the collision are the same.




28

CHAPTER 2

and this, of course, is the energy gained by the smaller block:

Lo 1 o, 100 _
—muv- = — X X — = bl B
2 o)

2 9

Note that the magnitude of the force exerted by the larger block on the smaller
block during the collision was not considered in the solution of Example 2.12. The
reason for not explicitly considering the force in the solution can be seen from
Eq. (2.10), which may be written as

[ X At=mx Av.

According to Eq. (2.10), the force necessary to change the momentum of a block
is dependent on the time during which it acts. The parameter of importance in this
case is the product of the force and the time. This parameter is called the impulse;
Eq. (2.10) may be written in words as

Impulse = change of momentum.

The length of time during which the force acts depends on the relative velocity of
the system of moving masses and on the nature of the mass. Generally, the more the
colliding blocks “give in,” the greater will be the time of application of the force and
the smaller, consequently, will be the magnitude of the force. For this reason, for
example, a baseball player who catches a ball moves his hand back at the moment
of impact, thereby increasing the time during which the stopping force acts and
decreasing the shock to his hand. For this same reason, a jumper flexes his knees
as his feet strike the ground, thereby increasing the time that his body comes to
rest and decreasing the force on his body. For example, a man who jumps down a
distance of 1 m is moving with a velocity of 4.43 m/s at the instant that he strikes
the floor. If he weighs 70 kg and if he lands rigidly flat footed and is brought to a
complete stop in 0.01 s, then the stopping force, from Eq. (2.10), is 3.1 x 10* N, or
6980 1b. If, however, he lands on his toes and then lowers his heels and flexes his
knees as he strikes, thereby increasing his actual stopping time to 0.5 s, the average
stopping force is only about 140 lb.

In the case of the two blocks in Example 2.12, if the time of contactis 0.01 s, then
the average force of the collision during this time interval is

m
10 kg x 0.0067 —

/ 0.01s

The instantaneous forces acting on the two blocks vary from zero at the instant of
impact to a maximum value at some time during the collision, then to zero again
as the second block leaves the first one. This may be graphically shown in Figure
2-9, a curve of force versus time during the collision. The average force during the
collision is the area under the curve divided by the time that the two blocks are in
contact.
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Force —

- Figure 2-9. The time variation of the force between colliding
Time — bodies.

In the case of a collision between two masses, such as that described above, one
block exerts a force on the other only while the two blocks are in “contact.” During
“contact,” the two blocks seem to be physically touching each other. Actually, how-
ever, the two blocks are merely very close together, too close, in fact, for us to be able
to perceive any space between them. Under this condition, the two blocks repel each
other by very shortrange forces that are thought to be electrical in nature. (These
forces will be discussed again in Chapter 3.) This concept of a “collision” without
actual contact between the colliding masses may be easily demonstrated with the aid
of magnets. If magnets are affixed to the two blocks in Example 2.12, as shown in
Figure 2-10, then the magnetic force, which acts over relatively long distances, will
repel the two blocks, and the smaller block will move. If the total mass of each block,
including the magnet, remains the same as in Example 2.12, then the calculations
and results of Example 2.12 are applicable. The only difference between the physical
“collision” and the magnetic “collision” is that the magnitude of the force in the for-
mer case is greater than in the latter instance, but the time during which the forces
are effective is greater in the case of the magnetic “collision.” In both instances, the
product of average force and time is exactly the same.

Inelastic Collision

If the conditions in Figure 2-8 are modified by fastening the 2-kg block, block B, to
the floor with a rubber band, then, in order to break the rubber band and cause the
block to slide freely, the 10-kg block, block A, must transfer at least sufficient energy
to break the rubber band. Any additional energy transferred would then appear as
kinetic energy of block B. If the energy necessary to break the rubber band is called
the binding energy of block B, then the kinetic energy of block B after it is struck
by block A is equal to the difference between the energy lost by A and the binding
energy of B. Algebraically, this may be written as

Lp=FE,— ¢, (2.43)

Frictionless M = 10 kg

surface E_®—V,=2m/s EC_:_“JTL‘ v = ) —
\\\\\\\\\\ \\\\\\\\\\\\\K\‘\\\\“ Eg;;ztif}:e?as_ Collision” between two
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where E 4 is the energy lost by block A and ¢ is the binding energy of block B. In a
collision of this type, where energy is expended to free one of the colliding bodies,
kinetic energy is not conserved and the collision is therefore not elastic, that is, it

is inelastic.

6 .
\%@' EXAMPLE 2.13

A stationary block B, whose mass is 2 kg, is held by an elastic cord whose elastic
constant is 10 N/m and whose ultimate strength is 5 N. Another block A, whose
mass is 10 kg, is moving with a velocity of 2 m/s on a frictionless surface. If block A
strikes block B, with what velocity will block B move after the collision?

Solution

From Example 2.12, it is seen that the energy lost by block A in this collision is
11% J. The energy expended in breaking the rubber band may be calculated from
the product of the force needed to break the elastic cord and the distance that the
elastic cord stretches before breaking. In the case of a spring, rubber band, or any
other substance that is elastically deformed, the deforming force is opposed by a
restoring force whose magnitude is proportional to the deformation. That is,

f=kxnm, (2.44)

where [ is the force needed to deform the elastic body by an amount r, and k is
the “spring constant” or the force per unit deformation. Since Eq. (2.44) shows
that the force is not constant but rather is proportional to the deformation of the
rubber band, the work done in stretching the rubber band must be computed by the
application of calculus. The infinitesimal work, d W, done in stretching the rubber
band through a distance dr is

dW = fdr,

and the total work done in stretching the rubber band from » = 0 to r is given by

W:/ fdr
0

Substituting Eq. (2.44) for f, we have

W= / kr dr (2.45)
0
and solving Eq. (2.45) shows the work done in stretching the rubber band to be
k 2
W= (2.46)

5

Since in this example £ is equal to 10 N/m, the ultimate strength of the elastic cord,
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5 N, is reached when the rubber band is extended to 0.5 m. With these numerical
values, Eq. (2.46) may be solved:

W =

N 2
10— x (0.5 m)
m
2

N
=1.95— =1.25].
m

Therefore, of the 11 % Jlostbyblock Ainits collision with block B, 1.25 J are dissipated
in breaking the elastic cord (the binding energy) that holds block B. The kinetic
energy of block B, using Eq. (2.43), is

Ep=11.11-1.25=9.86].

9.86 ] L,
. = — mv
2

1
9.86] = 5 (2 kg)v*

Waves

m
v=314 —
S

If block A had less than 1.25 J of kinetic energy, the elastic cord would not have
been broken; the restoring force in the elastic cord would have pulled block B
back and caused it to oscillate about its equilibrium position. (For this oscillation to
actually occur, block A would have to be withdrawn immediately after the collision,
otherwise block B, on its rebound, would transfer its energy back to block A and
send it back with the same velocity that it had before the first collision. The net
effect of the two collisions, then, would have been only the reversal of the direction
in which block A traveled.)

Energy may be transmitted by disturbing a “medium,” permitting the disturbance to
travel through the medium, and then collecting the energy with a suitable receiver.
For example, if work is done in raising a stone and the stone is dropped into water,
the potential energy of the stone before being dropped is converted into kinetic
energy, which is then transferred to the water when the stone strikes. The energy
gained by the water disturbs it and causes it to move up and down. This disturbance
spreads out from the point of the initial disturbance at a velocity characteristic of
the medium (in this case, the water). The energy can be “received” at a remote
distance from the point of the initial disturbance by a bob that floats on the water.
The wave, in passing by the bob, will cause the bob to move up and down, thereby
imparting energy to it. It should be noted here that the watermoves only in a vertical
direction while the disturbance moves in the horizontal direction.

Displacement of water upward from the undisturbed surface produces a crest,
while downward displacement results in a trough. The amplitude of a wave is a mea-
sure of the vertical displacement, and the distance between corresponding points on
adjacent disturbances is called the wavelength (Fig. 2-11). (The wavelength is usually
represented by the Greek letter lambda, A.) The number of disturbances per second
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—

Amplitude

Graphical representation of a wave. ' A |

at any point in the medium is called the frequency. The velocity with which a wave
(disturbance) travels is equal to the product of the wavelength and the frequency,

Figure 2-11.

v=fx A (2.47)

i
\é@' EXAMPLE 2.14

Sound waves, which are disturbances in the air, travel through air at a velocity of
344 m/s. Middle C has a frequency of 264 Hz (cycles per second). Calculate the
wavelength of this note.

Solution
m
v 344 —
A=— = i =13m
S 9pac

If more than one disturbance passes through a medium at the same time, then,
where the respective waves meet, the total displacement of the medium is equal to
the algebraic sum of the two waves. For example, if two rocks are dropped into a
pond, then, if the crests of the two waves should coincide as the waves pass each
other, the resulting crest is equal to the height of the two separate crests and the
trough is as deep as the sum of the two individual troughs, as shown in Figure 2-12. If,
on the other hand, the two waves are exactly out of phase, that is, if the crest of one

Resultant wave

Figure 2-12. The addition of two waves of equal frequency and in phase.
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Resultant
wave

\
_ N Wave 2

Figure 2-13. The addition of two waves of equal frequency but different amplitude and 180° out of
phase.

coincides with the trough of the other, then the positive and negative displacements
cancel each other, as shown in Figure 2-13. If, in Figure 2-13, wave 1 and wave 2
are of exactly the same amplitude as well as the same frequency, there would be no
net disturbance. For the more general case, in which the component waves are of
different frequencies, different amplitudes, and only partly out of phase, complex
waveforms may be formed, as seen below in Figure 2-14.

Electromagnetic Waves

In 1820, Christian Oersted, a Danish physicist, observed that a compass needle de-
flected whenever it was placed in the vicinity of a current-carrying wire. He thus
discovered the intimate relationship between electricity and magnetism and found
that a magnetic flux coaxial with the wire is always induced in the space around a
current-carrying wire. Furthermore, he found that the direction of deflection of the
compass needle depended on the direction of the electric current, thus showing
that the induced magnetic flux has direction as well as magnitude. The direction
of the induced magnetic flux can be determined by the “right-hand rule”: If the
fingers of the right hand are curled around the wire, as though grasping the wire,
with the thumb outstretched and pointing in the direction of conventional current
flow, then the curled fingers point in the direction of the induced magnetic flux. If
two parallel, current-carrying wires are near each other, they either attract or repel
one another, depending on whether the currents flow in the same or in opposite
directions. The attractive or repulsive force I per unit length [/ of wire, as shown in
Figure 2-15, is proportional to the product of the currents and inversely proportional
to the distance between the wires.

Foaxe_,  axb (2.48)

l r r

Figure 2-14. Complex wave formed by the algebraic addition of two different pure waves.
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Q="
r

Figure 2-15. Force between two parallel current-carrying wires. The force, attractive in this case, is
due to the magnetic fields (shown by the circular lines in the end view) that are generated by the
electric current.

If the current-carrying wires are in free space (or in air) and if 4; and i are 1 A
each and if the distance r between the wires is 1 m, then the force per unit length
of wire is found to be

F _»N
— =2x 107" —.
l m

The constant of proportionality k,,, therefore, is equal to 2 x 1077 N/AZ 1t is
convenient to define k,, in terms of another constant, (g:

N

k= ;‘—;T’ =2x 107 (2.49a)
N

po = 4w x 10—7[37. (2.49b)

o is called the permeability of free space. Permeability is a property of the medium in
which magnetic flux is established. The permeability of any medium other than free
space is designated by . The relative permeability of any medium, K,, is defined by

K, =2 (2.50)

H“o
Iron, cobalt, nickel, and gadolinium have high values of relative permeability,
that is, K,, = 1; these substances we call ferromagnetic. Those substances—such as
silver, copper, and bismuth—whose relative permeability is less than 1 are said to
be diamagnetic. Most substances, including all biological materials, have relative

permeabilities of 1 or slightly greater; these materials are called paramagnetic.
The unit of magnetic flux is called the weber (Wb):

_J
LWb =14 (2.51)

and the unit of flux density, which is a measure of magnetic intensity, is called the
tesla (after the Croatian-born American electrical engineer Nikola Tesla), denoted
by symbol T:

Wb
1T = IF. (2.52)
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In the cgs system, the unit for magnetic flux is called the maxwell, and the unit for
flux density is called the gauss, where

1T = 10,000 gauss.

Since joules = newtons x meters, the dimensions of ©( may be written as

J

A2.m’

wo = 4 x 1077

Furthermore, since webers x amperes = joules, ;o may also be expressed as

=47 x 1077 ——.
Ho s A-m

The magnetic flux density, symbolized by B, at a distance r from a wire carrying a
current ¢ is given by
_ Mo i Wb

X = = —F (2.53)

B= .
97 r m?

\%‘@.

EXAMPLE 2.15

What is the magnetic flux density at a distance of 0.1 m from a wire that carries a
current of 0.25 A?

Solution

Substituting the numerical values into Eq. (2.53) yields

Wb
-7
Ar x 1077 —— 95 A

X
2 0.1 m

Wb
=5x 10*7—2 —5x 107" T
m

In comparison, the magnetic flux density at the equator is about 3 x 107° T.

Any region in which there is a magnetic flux is called a magnetic field, and the
field intensity (or field strength) is directly proportional to the magnetic flux density.
Since magnetic flux has direction as well as magnitude, magnetic field strength is
a vector quantity. Michael Faraday, a Scottish experimental physicist, found in 1831
that electricity could be generated from a magnetic field and that electricity and
magnetism were related.
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In 1873, James Clerk Maxwell, a Scottish physicist, published a general theory that
related the experimental findings of Oersted and Faraday. He deduced the quanti-
tative relationships among moving charged particles, magnetic fields, and electric
fields and formulated an electromagnetic theory that described quantitatively the
interaction between moving electric charges and magnetic fields. His theory states
that a changing electric field is always associated with a changing magnetic field
and a changing magnetic field is always associated with a changing electric field. He
showed that an oscillating electric circuit will create an electromagnetic wave as the
flowing electrons in the circuit undergo continuous acceleration and deceleration
as the current oscillates. When this happens, some of the energy of the charged
particle is radiated as electromagnetic radiation. This phenomenon is the basis of
radio transmission, in which electrons are accelerated up and down an antenna that
is connected to an oscillator. The electromagnetic wave thus generated has a fre-
quency equal to that of the oscillator and a velocity of 3 x 10® m/s in free space.
The waves consist of oscillating electric and magnetic fields that are perpendicular
to each other and are mutually perpendicular to the direction of propagation of the
wave (Fig. 2-16). The energy carried by the waves depends on the strength of the
associated electric and magnetic fields.

In dealing with electromagnetic waves, it is more convenient to describe the mag-
netic component in terms of magnetic field strength H rather than in terms of
magnetic flux density B. H can be considered as the magnetizing force that leads
to the magnetic field of flux density B. In free space, magnetic field strength H is
related to magnetic flux density B by

BWb
B A
H=e—m _ 20 (2.54)
Wb o M
MOA
- 1m

Since B has dimensions of Wb/m? and u( has dimensions of Wb/(A - m), the di-
mensions of magnetic field strength, H, are A/m. In any medium other than air, the
magnetic flux density is equal to the product of the magnetic field strength A and
the magnetic permeability of that medium, p. Safety standards for magnetic field
strength are listed in terms of amperes per meter. Thus, in Example 2.15, the mag-
netic flux density of 5 x 10~ T corresponds to a magnetic field strength of 0.4 A/m.

Figure 2-16. Schematic representation of an electromagnetic wave. The electric intensity ¢ and the
magnetic intensity A are at right angles to each other, and the two are mutually perpendicular to the
direction of propagation of the wave. The velocity of propagation is ¢, the electric intensity is € = &g
sin 2w /A (x — ct), and the magnetic intensity is H = H sin 2z /A (x — ct}. The plane of polarization is
the plane containing the electric field vector.
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The relationship between the peak magnetic and electric field intensities H, and
g9 depends on the magnetic permeability i and the electrical permittivity € of the
medium through which the electromagnetic wave is propagating. This relationship

is given by
HyJii = e/, (2.55)

where € is the permittivity of the medium. Permittivity is a measure of the capacity
for storing energy in a medium that is in an electric field. The permittivity of free
space is €g= 8.85 x 107!2 C?/N - m?, and the permittivity of any other medium is
the product of the relative permittivity, ke and the permittivity of free space, €:
€= kex €. The greater the value of €, the greater is its interaction with the ¢ field
and the greater is its ability to store energy. Permittivity is frequency dependent and
generally decreases with increasing frequency. If the wave is traveling through free
space, then

Ho/lt0 = £0v/0. (2.56)

Radio waves, microwaves (radar), infrared radiation, visible light, ultraviolet light,
and X-rays are all electromagnetic radiations. They are qualitatively alike but differ
in wavelength to form a continuous electromagnetic spectrum.

All these radiations are transmitted through the atmosphere (which may be con-
sidered, for this purpose, as free space) at a speed very close to 3 x 10® m/s. Since
the speed of all electromagnetic waves in free space is a constant, Eq. (2.47), when
applied to electromagnetic waves in free space, becomes

c=3x10m/s= f x A. (2.57)

Specifying either the frequency or wavelength of an electromagnetic wave in free
space is equivalent to specifying both. Free-space wavelengths may range from 5 x
10° m for 60-Hz electric waves through visible light (green light has a wavelength of
about 500 nanometers, or nm, and a frequency of 6 x 10'* Hz) to short-wavelength
X- and gamma radiation (whose wavelengths are on the order of 10 nm or less).
There is no sharp cutoff in wavelength at either end of the spectrum nor is there a
sharp dividing line between the various portions of the electromagnetic spectrum.
Each portion blends into the next, and the lines of demarcation, shown in Figure
2-17, are arbitrarily placed to show the approximate wavelength span of the regions
of the electromagnetic spectrum.

Radio

Ultra-
Infrared {Radar waves

X-Rays, violet

gamma rays Electric waves

Visible lig

1 1 i i 1 i ] 1 1 1 1 1 1 ] 1 1 I ] i
102 100 108 10° 10 102 10° 102 10* 10% 10°
Wavelength, cmi

Figure 2-17. The electromagnetic spectrum.
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Generally, the speed of an electromagnetic wave in any medium depends on
the electrical and magnetic properties of that medium: on the permittivity and the

permeability. The speed is given by

ve |1 (2.58)
S

In free space,

= —4n><10*7N
n =Ko = A
S S !
= €9 = = .
N - m?2
47 x 9 x 109 — 2

Substituting the values above into Eq. (2.58) gives the speed ¢ of an electromagnetic
wave in free space:

N-m?\ /2
47 x 9 x 107
V== NCQ :SXIOSE
4 % 10*7? S

An electromagnetic wave travels more slowly through a medium than through free
space. The frequency of the electromagnetic wave is independent of the medium
through which it travels. The wavelength is decreased, however, so that the relation-
ship (Eq. [2.47]):

v=f XA

is maintained. The wavelength in a medium is given by

1
A=Ay, | ——, .59
0/ KK, (2.59)

where A is the free-space wavelength and K, and K,, are the relative permittivity
(dielectric coefficient) and relative permeability of the medium, respectively. Since
the relative permeability is ~ 1 for most biological materials and dielectrics, we can
approximate Eq. (2.59) for most biological materials by

A= Ao | — . (2.60)

If the medium is a lossy dielectric (a lossy dielectric is one that absorbs energy from an
electromagnetic field; all biological media are lossy), the wavelength of our electro-
magnetic wave within the medium is given by

=0 |11 1+(i)2 - (2.61)
VK |22 we )
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or, in terms of the loss tangent,

Ao 1 1 3 -1/2
A‘:\/_F §+§ 14 tan®§ s (2.62)

where

Ao = free space wavelength,

K, = dielectric coefficient,

o = conductivity, in reciprocal ohm meters, or siemens per meter,

w = 27 x frequency,

e =K. €p, and
2 o )?
tan® § = (—) = loss tangent. (2.63)
w €

i .
\é@' EXAMPLE 2.16

The dielectric coefficient for brain tissue is K, = 82 and the resistivity is p = 1.88
ohm-meters at 100 MHz. What is the wavelength of this radiation in the brain?

Solution
¢ 3x108m/s
)\,0 = — = —1 =3m
T 100 % 1052
S
. 2 2
O e I e
w € wkK, €
(i) |
_ 1.88 136
97 x 100 x 106 x 82 x ——
X x x x 41 x 9 x 109
o (11 -2
A= — 4 —y/1+tan?s
JK, (2 9 an )

3 /1 1«/_ -1/2
A= ——(=+=236 = 0.3 m.
/32 (2 2 )
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Switch
Figure 2-18. A circuit having a capacitance C and a 1 Hy
¥

resistance Rin series with a voltage source V.

The loss tangent is a measure of energy absorption by a medium through which an
electromagnetic wave passes; energy absorption by the medium is directly propor-
tional to the loss tangent. The loss tangent is defined as

conduction current
Loss tangent = — (2.64)
displacement current

Conduction currentis the ordinary current that consists of a flow of electrons across
a potential difference in a circuit. Since no dielectric material is a perfect insulator,
some small conduction current will flow through any insulating material under the
influence of a potential difference. Displacement is a concept proposed by Maxwell
to account for the apparent flow of current through an insulator—even a perfect
insulator—under the action of a changing voltage.

Consider the circuit shown in Figure 2-18, a capacitor (whose dielectricisa perfect
insulator), a resistor, a switch, and a battery are connected in series. While the switch
is open, plate a of the capacitor is at the same potential as the positive terminal of
the battery to which it is connected through the resistor. When the switch is closed,
plate b of the capacitor is connected to the negative pole of the battery, and the
capacitor begins to charge under the influence of the potential across the plates.
Since the dielectric in this circuit is a perfect insulator, clearly no current can flow
through the dielectric. However, connecting the plates of the capacitor to the battery
terminals causes electrons to pile up on the negative plate and to be drained off from
the positive plate. That is, electrons flow onto the plate connected to the negative
terminal and flow from the other plate to the positive terminal until an equilibrium
is reached when no more charge flows. Thus, during the time that the capacitor is
charging, the circuit behaves as if current were flowing through every portion of the
circuit, including the dielectric. This apparent current flowing through the dielectric
is called the displacement current. Since no real dielectric is a perfect insulator, there
always is a conduction current through the dielectric in addition to the displacement
current. Furthermore, since a conduction current is always accompanied by energy
loss through joule heating, there always is some loss of energy when a dielectric is
placed in an electric field.

While the capacitor is charging, the displacement current in the circuit is given
by

V.
; —i/RC 2.65
i e , ( )

and the voltage across the capacitor is given by

Ve = V(1 — e VR (2.66)
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where

¢ = time after closing the switch (in seconds),
R = resistance (in ohms),
C = capacitance (in farads),
Ve = voltage across capacitor, and
V = battery voltage.

The product RC is called the time constant of the circuit and represents the time
(in seconds) after closing the switch, until the current decreases to 1/¢, or 37%
of the initial current, and the voltage increases to V(1 — 1/e), or 67% of its final
voltage. A charged capacitor in a circuit with a series resistor may be considered
as the equivalent of a battery whose voltage, V;, is the voltage across the capacitor.
When such a circuit is closed, the capacitor will discharge through the resistor and
the capacitor’s voltage, V(, will decrease according to

Ve = Ve RC, (2.67)
and the charge on each plate of the capacitor is given by

Q=CV. (2.68)

Impedance

While electric currentin a circuitis transmitted as electrons flow through conducting
wires, electromagnetic waves are transmitted as disturbances in the electromagnetic
fields established in various media, including a vacuum (free space). The electric
and magnetic components of the field may be considered the analogs of voltage and
current in an electrical circuit. The impedance Z of an alternating current is given
by Ohm’s law:

7=V (2.69)

2

where ¢ is the current flow due to the voltage V. By analogy, the impedance of a
medium through which an electromagnetic wave is propagated is given by

&0
Z=—, 2.70
T (2.70)

where g9 and H, are the electric and magnetic field strengths respectively. Using the
relationship given by Eq. (2.55),

Hy/ie = g0v/€,
we can rewrite Eq. (2.70) as

7= B
S

(2.71)
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In free space,

N
W= po =4 x 10 7@

1

€ = gp= N-m?

4 x 9 x 10° .
2

Using these values in Eq. (2.71), one obtains

- —1/2
N
4 x 1077 —
7 = A =377 Q,
1
N - m?
479 x 109 — 2
cz /)

which is the impedance of free space.
In an electric circuit, the power dissipated in a load whose impedance is Z ohms,
across which the voltage drop is V volts and the current is ¢ amperes, is given by

V?
-7

P =i’Z. (2.72)

I . oo W
The analogous quantities in an electromagnetic field of mean power density P —
m

and effective electric field strength, & %, are related by

&0 2
oo ()

Z Z

2
- (%) x 7, (2.73)

where ¢ is the maximum value of the sinusoidally varying electric field strength and
£0/+/2 is the effective or root-mean-square (rms) value of the electric field strength.
In free space, where Z = 377 ohms, the effective power density corresponding to

£ = 1% is

( 1 )2
w w
V2) _1a310 Y 13310 W,

P= 377 m2 cm?

Energy in an electromagnetic wave is transported in a direction mutually per-
pendicular to the electric and magnetic field vectors, as shown in Figure 2-16. The
instantaneous rate of energy flow in an electromagnetic wave through a unit area
perpendicular to the direction of propagation is given by the vector product

P=¢ex H. (2.74)
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The vector P, which represents the flow of energy, is called the Poynting vector. Since
the instantaneous values of € and H vary sinusoidally from 0 to their maxima, their
effective values are &/ /2 and H, / /2. Since the magnetic and electric field vectors
are always at 90° to each other, Eq. (2.72) may be rewritten as

) H 1
P=—X—== . 2.75
NG X NG 2801% ( )

g1l -
\\é@ EXAMPLE 2.17

The electric field intensity €y of a plane electromagnetic wave is 1 V. What is the

m

average power density perpendicular to the direction of the propagation of the wave?

Solution

From Eq. (2.73), the average power density is

-1
P = ESOH%

and from Eq. (2.56), H, is found to be

€0
Ii) =&,/ —.
Mo

If we substitute the expression above for H into Eq. (2.73), and insert the nu-
merical values for €y and for u g we have

1

479 10"N'm

- 1 Vv A XA 9
LYY (1Y c:
2\ m m? 4 x 107755

w
=1.33x107° —

m

w
—133x10¢ 2%

cm?’

For health physics purposes, the electromagnetic spectrum may be divided into
two major portions: One portion, called ionizing radiation, extends from the shortest
wavelengths to about several nanometers. Electromagnetic radiation of these wave-
lengths include X-rays and gamma rays (X-rays and gamma rays are exactly the same
type of radiations; they differ only in their manner of origin. Once created, it is im-
possible to distinguish between these two types.). Electromagnetic radiation whose
wavelength exceeds that of ionizing radiation is called nonionizing radiation. In this
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region, the health physicist is interested mainly in laser radiation—which includes
ultraviolet, visible, and infrared light—and in the high-frequency bands from about
3 megahertz (MHz) to 300 gigahertz (GHz). Although ultraviolet light is capable
of producing ions, it nevertheless is considered as a nonionizing radiation in the
context of radiation safety.

QUANTUM THEORY

The representation of light and other electromagnetic radiations as a continuous
train of periodic disturbances or a “wave train” in an electromagnetic field is a satis-
factory model that can be used to explain many physical phenomena and can serve
as a basis for the design of apparatus for transmitting and receiving electromagnetic
energy. According to this wave theory, or the classical theory, as it is often called,
the amount of energy transmitted by a wave is proportional to the square of the
amplitude of the wave. This model, despite its usefulness, fails to predict certain
phenomena in the field of modern physics. Accordingly, a new model for electro-
magnetic radiation was postulated, one that could “explain” certain phenomena
which were not amenable to explanation by wave theory. It should be emphasized
that hypothesizing a new theory was not synonymous with abandoning the former
theory. Models or theories are useful insofar as they describe observed phenomena
and permit prediction of the consequences of certain actions. Philosophically, most
scientists subscribe to the school of thought known as “logical positivism.” According
to this philosophy, there is no way to discover or to verify an absolute truth. Science is
not concerned with absolute truth or reality—itis concerned with giving the simplest
possible unified description of as many experimental findings as possible. It follows,
therefore, that several different theories on the nature of electromagnetic radiation
(or for the nature of matter, energy, electricity, etc.) are perfectly acceptable pro-
vided that each theory is capable of explaining experimentally observed facts that
the others cannot explain.

Experimental observations on the nature of electromagnetic radiation, such as
the radiation emitted from heated bodies, the photoelectric effect, and Compton
scattering could not be explained by classical wave theory. This led to the develop-
ment of the current theory of electromagnetic radiation, which is called the quantum
theory. According to this theory, electromagnetic radiation consists of discrete “cor-
puscles” or “particles” of energy that travel in space at a speed of 3 x 10® m/s. Each
particle or “quantum,” as it is called, contains a discrete quantity of electromagnetic
energy. The energy content of a quantum is proportional to the frequency when it
is considered as a wave, and is given by the relationship

E=hf (2.76)

The symbol £ is called Planck’s constant and is a fundamental constant of nature
whose magnitude in SI units is 2 = 6.6 x 107> J.s. The energy E in Eq. (2.74)
therefore is in joules and the frequency is in hertz.

After substituting the value of f from Eq. (2.57) into Eq. (2.74), we have

E=h—. 77
. (2.77)
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A quantum of electromagnetic energy is also called a photon. Equations (2.76) and
(2.77) show that a photon is completely described when either its energy, frequency,
or wavelength is given.

g1l -
\é@' EXAMPLE 2.18

(a) Radio station KDKA in Pittsburgh, Pennsylvania, broadcasts on a carrier fre-
quency of 1020 kHz.

(1) Whatis the wavelength of the carrier frequency?

Solution
kf: ¢
. 3 % 1052
A= < — s = 294m.
S 1.02 x 103 kHz x 10> 22

kHz

(2) What is energy of the KDKA photon in joules and electron volts?

Solution
LE=hnf
1
=6.626 x 1077 J.s x 1.02 x 10°~
S
=6.8x107%]
and
6.8 x 10728
E=—2X o }
1.6 x 10719 =
eV
=4.2x107% eV
(b) What is the energy, in electron volts, of an X-ray photon whose wavelength is 1
x 10710 m?
Solution
c
E = h—
A

6.626 x 1073 ] .5 x 3 x 1052
S

107 m x 1.6 x 10*l9i
eV

=1.24 x 10* eV
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The wavelengths of X-rays and gamma rays are very short: on the order of 10710

m or less. Because of this, and in order to avoid writing the factor 1071° repeatedly,
another unit of length called the angstrom unitis commonly used in X-ray work and
in health physics. The angstrom unit, symbolized by A, is equal to 1 x 107 m or 1
x 1078 cm. Another unit of length that is often used is the nanometer (nm). One
nm represents 1 x 10~ m, which is equal to 10 A.

It may seem strange that having found the wave theory of electromagnetic radia-
tion inadequate to explain certain observed physical phenomena we should incorpo-
rate part of the wave model into the quantum model of electromagnetic radiation.
This dualism, however, seems to be inherent in the “explanations” of atomic and
nuclear physics. Mass and energy—particle and wave, in the case of electromagnetic
energy—and, as will be shown below, wave and particle in the case of subatomic
particles, all are part of a dualism in nature; either aspect of this dualism can be
demonstrated in the laboratory by appropriate experiments. If the experiment is
designed to recognize a particle, a particle will be found. If, on the other hand, an
experiment is designed to recognize radiation from the same source as waves, the
results show that the same radiation that had been previously identified as being
particulate in nature is now a wave!

In the case of the photon, some degree of correspondence with the classical
picture of electromagnetic radiation can be demonstrated by a simple thought ex-
periment. It is conceivable that, given a very large number of waves of different
frequencies and amplitudes, a wave packet, or quantum, could result from rein-
forcement of the waves over a very limited region and complete interference ahead
and behind of the region of reinforcement. Figure 2-19 is an attempt to graphically
portray such a phenomenon.

The model of a photon shown in Figure 2-19 combines wave properties and par-
ticle properties. Furthermore, this model suggests that a photon may be considered
a moving particle that is guided in its path by the waves that combine to produce
the particle. The “mass” of a photon may be found by equating its energy with the
relativistic energy of a moving particle.

E=hf=mdc, (2.78a)

P
VW

-+—— |nterference Reinforcement Interference ——

Figure 2-19. Possible combination of electromagnetic waves to produce a wave packet, a quantum
of electromagnetic energy called a photon. The energy content of the photon is £= hd/A.
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therefore,
h
m— _{ (2.78b)
¢
The “momentum” p of the photon is
h
p=mc= —f (2.79)
¢
If the value of f from Eq. (2.57) is substituted into Eq. (2.79), we have
h
=, .80
p=x (2.80)
and the energy of the photon, in terms of its momentum, is
E = pe. (2.81)

Matter Waves

In 1924, Louis de Broglie, a French physicist, suggested that all moving particles
were associated with wave properties. The length of these waves, according to de
Broglie, was inversely proportional to the momentum of the moving particle and
the constant of proportionality was Planck’s constant 4. The length of these matter
waves is given by Eq. (2.77b). Since momentum p is equal to mv, Eq. (2.77b) may be
rewritten as

A=—. (2.82)
mv

Here too, as in the case of the photon, we have in the same equation, properties
characteristic of particles and properties characteristic of waves. The mass of the
moving particle m in Eq. (2.79) represents a particle, while A, the wavelength of the
“matter wave” associated with the moving particle, is quite clearly a wave concept.

The fact that moving particles possess wave properties is the basis of the electron
microscope. In any kind of microscope, whether using beams of light waves or beams
of de Broglie matter waves, the resolving power (the ability to separate two points
that are close together, or the ability to see the edges of a very small object sharply
and distinctly) is an inverse function of the wavelength of the probing beam; a
shorter wavelength leads to greater resolution than a longer wavelength. For this
reason, optical microscopes are usually illuminated with blue light since blue is near
the short-wavelength end of the visible spectrum. Under optimum conditions, the
limit of resolution of an optical microscope, using blue light whose wavelength is
about 4000 A, is of the order of 100 nm. Since high-velocity electrons are associated
with very much shorter wavelengths than blue light, an electron microscope, which
uses a beam of electrons instead of visible light, has a much greater resolving power
than the best optical microscope. Since useful magnification is limited by resolving
power, the increased resolution of an electron microscope permits much greater
useful magnification than could be obtained with an optical microscope.
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6 .
\é@' EXAMPLE 2.19

Whatis the de Broglie wavelength of an electron thatis accelerated across a potential
difference of 100,000 V?

Solution

According to Eq. (2.20), the kinetic energy of a moving particle with a velocity
v=fcis

( 1
Ey = moc? | —— — 1],
J1- B2

from which it follows that

moC2
= J1- g2 (2.83)

Ey + mgc?

In Example 2.7, we found that m ¢? for an electron is 5.1 x 10° eV. We therefore
have, after substituting the appropriate numerical values into Eq. (2.80),

1 x 10°
5 x 10° eV \/ﬁ

1x105eV+5.1x10° eV
0.836 = /1 — g2
(0.836)2 =1 — B2
B = 0.55

The momentum of the electron is

mo
jb = mv = —,BC

JI-p2
9.11 x 107 kg x 0.55 x 3 x 105
S
0.836
kg - m

=18x 1072 = —
S

and the de Broglie wavelength, consequently is

Ll 6.626 x 1073 J . s
p 18x1072kg-m/s

=37x10"%m =0.037A



REVIEW OF PHYSICAL PRINCIPLES 49

The wave—particle dualism may seem especially abstract when it is extended to
include particles of matter whose existence may be confirmed by our experience,
our senses, and our intuition. At first it may seem that the wave properties of parti-
cles are purely mathematical figments of our imagination whose only purpose is to
quantitatively describe experimental phenomena that are not otherwise amenable
to theoretical analysis. Even in this regard, the wave—particle dualism serves a useful
purpose. It is possible to give a physical interpretation of matter waves. According
to the physical theory of waves, the intensity of a wave is proportional to the square
of the amplitude of the wave.

In 1926, Max Born applied this concept to the wave properties of matter. In the
case of a beam of electrons, the square of the amplitude of the electron waves was
postulated to be proportional to the intensity of the electron beam or to the number
of electrons per square centimeter per second incident on a plane perpendicular to
the direction of the beam. If this beam should strike a crystal, as in the case shown in
Figure 2-20, the reflected electron waves would either reinforce or interfere with each
other to produce an interference pattern. The waves are reinforced most strongly at
certain points and at other points are exactly out of phase, thereby canceling each
other out. Where reinforcement occurs, we observe a maximum density of electrons,
whereas interference results in a decrease in electron density. The exact distribution
of the interference pattern is determined by the crystalline structure of the scatterer
and therefore is uniquely representative of the scatterer.

The duality of nature was further verified in 1927 when two experimenters in
the Bell Telephone Laboratories, Davisson and Germer, found a beam of electrons
to behave like a wave (Fig. 2-20). When they bombarded a nickel crystal with a
fine beam of electrons whose kinetic energy was 54 eV, they found the electrons to
be reflected only in certain directions, rather than isotropically as expected. Only
at angles of 50° and 0° (directly backscattered) were scattered electrons detected.
Such a behavior was unexplainable if the bombarding electrons were considered to
be particles. By assuming them to be waves, however, the observed distribution of
scattered electrons could easily be explained. The explanation was that the electron
“waves” underwent destructive interference at all angles except those at which they
were observed; there the electron waves reinforced each other. At the same time
the British physicist G.P. Thomson (son of the 1906 Nobel laureate in physics, J.J.
Thomson), working at the University of Aberdeen, found that a beam of high-energy

50°

Electron /
‘beam

Electron detector

Figure 2-20. Experiment of Davisson and Germer suggesting the wave nature of electrons.
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electrons could be diffracted by a thin metal foil, thereby demonstrating the wave
properties of electrons. For their work in verifying the wave—particle duality, Davis-
son, Germer, and Thomson were awarded the Nobel Prize in 1937. Earlier, in 1927,
A.H. Compton received the Nobel Prize for demonstrating the particle properties
of electromagnetic waves. These experiments led to the development of electron
diffraction methods used by physical chemists to identify unknowns.

For a beam of electrons, this relationship between wave and particle properties
seems reasonable. In the case of a single electron, however, the electron wave must
be interpreted differently. If, instead of bombarding the crystal in Figure 2-20 with a
beam of electrons, the electrons were fired at the crystal one at a time and each scat-
tered electron were detected, the single electrons would be found scattered through
the same angles as the beam of electrons. The exact coordinates of any particular
electron, however, would not be known until it was “seen” by the electron detector.
After firing the same number of single electrons as those in the beam and plot-
ting the position of each scattered electron, exactly the same “interference” pattern
would be observed as in the case of a beam off electron waves. This experiment shows
that, although the behavior of a single electron cannot be precisely predicted, the
behavior of a group of electrons can be predicted. From this, it was inferred that
the scattering of a single electron was a stochastic event and that the square of the
amplitude at any point on the curve of position versus electron intensity gives the
probability of a single electron being scattered through that point.

Uncertainty Principle

The implication of Born’s probability interpretation of the wave properties of matter
were truly revolutionary. According to classical physics, if the position, mass, veloc-
ity, and all the external forces on a particle are known, then, in principle, all of
its future actions could be precisely predicted. According to the wave-mechanical
model, however, precise predictions are not possible—probability replaces certainty.
Werner Heisenberg, in 1927, developed these ideas still further and postulated his
uncertainty theory in which he said that it is impossible, in principle, to know both
the exact location and momentum of a moving particle at any point in time. Any
one of these two quantities could be determined to any desired degree of accuracy.
The accuracy of one quantity, however, decreases as the precision of the other quan-
tity increases. The product of the two uncertainties was shown by Heisenberg to be
proportional to Planck’s constant 2 and to be given by the relationship

h
Ax x Ap > o (2.84)

It should be emphasized that the uncertainty expressed by Heisenberg is not due
to faulty measuring tools or techniques or due to experimental errors. It is a fun-
damental limitation of nature, which is due to the fact that any measurement must
disturb the object being measured. Precise knowledge about anything can therefore
never be attained. In many instances, thisinherent uncertainty can be understood in-
tuitively. When students are being tested, for example, it is common knowledge that
they may become tense or suffer some other psychological stress that may cast some
doubt on the accuracy of the test results. In any case, the tester cannot be absolutely
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certain that the psychological stress of the examination did not influence the results
of the examination. The uncertainty expressed by Eq. (2.84) can be illustrated by an
example in which we try to locate a particle by looking atit. To “see” a particle means
that light is reflected from the particle into the eye. When a quantum of light strikes
the particle and isreflected toward the eye, some energyis transferred from the quan-
tum to the particle, thereby changing both the position and momentum of the par-
ticle. The reflected photon tells the observer where the particle was, not where it is.

SUMMARY

The scientific basis of health physics is the transfer of energy from a radiation field
to a biological system or to a nonliving medium. The quantitative aspects of energy
transfer are important because radiation bioeffects are dependent on the quantity of
energy absorbed by the living system. All measurements include a standard amount
(oraunitamount) of the quantity being measured, such as a gram when we are mea-
suring mass, and the number of such units. The centimeter—gram—second (cgs) system of
units was originally used in health physics. In this system, energy and work are mea-
sured in ergs and the concentration of absorbed energy is measured in ergs per gram.
Although the U.S. Nuclear Regulatory Commission continues to use the cgs system
in its regulations, the International Commission on Radiological Protection and the
International Commission on Radiological Units and Measurements changed from
using the cgs system of units to the International System of Units commonly called the
SI system. The SI system is based on kilogram—meter—second (mks) units. In this system,
the unit of energy is the joule (J) and the concentration of energy is expressed in
Joules per kilogram. Power, which is defined as the rate of energy expenditure, is expressed
in walls (W) and is defined as IW =1 ]/s.

Energy may be classified either as potential or kinetic energy or by its physical form
such as electrical, mechanical, chemical, heat, electromagnetic, or nuclear. Poten-
tial energy is stored and is not doing any work. Potential energy can be converted
into kinetic energy, which is defined as the energy of a moving body. Kinetic energy is
expended in doing work. The total energy in a system is the sum of potential and ki-
netic energies. According to classical physics, both mass and energy are independent
entities and neither one can be created or destroyed. They can only be changed from
one form into another. Thus, energy can be changed from chemical to heat to me-
chanical to electrical, as in the case of generation of electricity in a fossil fuel power
plant. Matter can be changed from solid to liquid to gas and from one substance into
another, as in the case of chemical reactions. According to modern physics, mass and
energy are different manifestations of the same thing. One of Einstein’s principles
of relativity says that the energy equivalence of mass is directly proportional to the
speed of light squared: E = mc®. Since, according to Einstein, nothing can move as
fast as the speed of light, energy that is added to a body whose speed is approaching
that of light appears as increased mass rather than as increased speed.

The elements may be considered to consist of three elementary particles: one
electrically neutral particle called a neutron and two electrically charged particles
called proton and electron. (Neutrons and protons, in turn, are believed to be made
of still more fundamental particles called quarks.). Although the proton and the
electron have the same amount of charge, they are qualitatively different; the protons
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are positively charged and electrons are negatively charged. The unit for measuring
the quantity of electric charge is the coulomb (C) and the charge on the electron and
on the proton is 1.6 x 1071 C. Charged particles establish electric fields that exert
repulsive forces on like charged particles and attractive forces on unlike charged
particles. The electric potential at a point in an electric field, which is expressed in
units of volts (V), is a measure of the potential energy of a charged particle at that
point. The potential energy of an electron in a field where the potential is 1 V is

1Vx 1.6x107°C =16 x107"].
Based on this relationship, we define a special unit of energy, the electron volt (€V) as
leV=16x10""].

A potential difference of 1 V exists between two points in an electric field if 1 J of
energy is expended in moving I C of charge between the two points. Electric current
is a flow of charged particles and is measured in amperes (A). One ampere represents
a flow of 1 C/s. A moving electrically charged particle or an electric current flowing
through a conductor generates a magnetic field. Thus, moving charges and electric
currents have associated electric and magnetic fields called electromagnetic fields or
electromagnetic radiation. The magnitude of the electromagnetic field is expressed in
units of wvolts per meter (V/m) and the magnetic field in units of amperes per meter
(A/m). The intensities of these fields vary sinusoidally with time. Therefore, an
electromagnetic field can be described by a sine wave where the amplitude of the
wave at any particular time represents the instantaneous magnitude of the electric
or magnetic field at that time. In this representation, the energy content of the
electromagnetic wave is proportional to the square of the amplitude of the sine wave.
Once generated, the electromagnetic radiations travel through space at a speed ¢,
which is very close to 3 x 10® m/s. The frequency f and wavelength A of the sine
wave representation of an electromagnetic field are related by

fxA=c.

Radio waves, microwaves, visible light, ultraviolet radiation, X-rays, and gamma
rays are all parts of the continuous electromagnetic spectrum; they differ only in
wavelengths and frequencies.

Certain phenomena that had been observed in experiments with light were not
amenable to explanation in terms of the wave theory of electromagnetic radiation,
experiments in which the energy content of the light was found to depend on the
color of the light rather than on the intensity of the light. The quantum theorywas pos-
tulated to explain these observations. This theory says that electromagnetic radiation
consists of particles containing discrete quanta of energy and that the energy content
of an electromagnetic field is proportional to the density of these quanta and to their
energy content. The energy content of a single quantum is directly proportional to
its frequency as measured according to the wave model, and is given by

E = hf,

where £ is called Planck’s constant, and is equal to 6.6262 x 107 J s.
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2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

According to quantum theory, high-speed particles have wave properties. The
wavelength of a “matter” wave is called the de Broglie wavelength after its discoverer.
For a particle of mass m moving at a velocity v, the de Broglie wavelength is

A=—.
mu

These de Broglie waves are the basis for the electron microscope, where the image
is formed by matter waves rather than by light waves, as in the optical microscope.

Another consequence of the quantum theory is that we cannot determine simul-
taneously the exact position and the exact energy of a particle. This is due to the fact
that the act of measuring either of these two variables disturbs the particle so that
the other variable cannot be precisely measured. The product of the uncertainty
in the particle’s momentum, Ap, and in its location, Ax, is given by Heisenberg’s
uncertainty principle as

h
A AX > —.
b Y=o

PROBLEMS

Two blocks of mass 0.1 kg and 0.2 kg approach each other on a frictionless
surface at velocities of 0.4 and 1 m/s respectively. If the blocks collide and remain
together, calculate their joint velocity after the collision.

A bullet whose mass is 50 g travels at a velocity of 500 m/s. It strikes a rigidly fixed
wooden block and penetrates a distance of 20 cm before coming to a stop.

(a) What is the deceleration rate of the bullet?
(b) What is the deceleration force?

(c) What was the initial momentum of the bullet?
(d) What was the impulse of the collision?

Compute the mass of the earth, assuming it to be a sphere of 25,000 miles cir-
cumference, if at its surface it attracts a mass of 1 g with a force of 980 dynes.

An automobile weighing 2000 kg and going at a speed of 60 km/h collides with
a truck weighing 5 metric tons that was moving perpendicular to the direction
of the automobile at a speed of 4 km/h. If the two vehicles become joined in
the collision, what is the magnitude and direction of their velocity relative to the
automobile’s original direction?

A small electrically charged sphere of mass 0.1 g hangs by a thread 100-cm long
between two parallel vertical plates spaced 6-cm apart. If 100 V are across the
plates and if the charge on the sphere is 109 C, what angle does the thread
make with the vertical direction?

A capacitor has a capacitance of 10 uF. How much charge must be removed to
cause a decrease of 20 V across the capacitor?
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2.7.

2.8.

2.9.

2.10.
2.11.

2.12.

2.13.

2.14.

2.15.

2.16.

2.17.

2.18.

A small charged particle whose mass is 0.01 g remains stationary in space when
itis placed into an upward directed electric field of 10 V/cm. What is the charge
on the particle?

A 1-micron-diameter droplet of oil, whose specific gravity is 0.9, is introduced
into an electric field between two large horizontal parallel plates that are 5-
mm apart, across which there is a potential difference of V volts. If the oil
droplet carries a net charge of 100 electrons, how many volts must be applied
across the plates if the droplet is to remain suspended in the space between the
plates?

A diode vacuum tube consists of a cathode and an anode spaced 5-mm apart. If
300 V are applied across the plates:

(a) Whatis the velocity of an electron midway between the electrodes and at the
instant of striking the plate, if the electrons are emitted from the cathode
with zero velocity?

(b) If the plate currentis 20 mA, what is the average force exerted on the anode?
Calculate the ratios v/¢ and m/m for a 1-MeV electron and for a 1-MeV proton.
Assuming an uncertainty in the momentum of an electron equal to one-half its

momentum, calculate the uncertainty in position of a 1-MeV electron.

If light quanta have mass, they should be attracted by the earth’s gravity. To test
this hypothesis, a parallel beam of light is directed horizontally at a receiver 10
miles away. How far would the photons have fallen during their flight to the
receiver if indeed they have mass?

The maximum wavelength of UV light that can produce the photoelectric effect
in tungsten is 2730 A. What will be the kinetic energy of photoelectrons produced
by UV radiation of 1500 A?

Calculate the uncertainty in position of an electron that was accelerated across a
potential difference of 100,000 &= 100 V.

(a) Whatvoltage isrequired to accelerate a proton from zero velocity to a velocity
corresponding to a de Broglie wavelength of 0.01 Az

(b) What is the kinetic energy of an electron with this wavelength?
(c) What is the energy of an X-ray photon whose wavelength is 0.01 A?

A current of 25 mA flows through a 25-gauge wire, 0.0179 in. (17.9 mils) in
diameter. If there are 5 x 10?* free electrons per cubic centimeter in copper,
calculate the average speed with which electrons flow in the wire.

An electron starts at rest on the negative plate of a parallel plate capacitor and is
accelerated by a potential of 1000 volts across a 1-cm gap.

(a) With what velocity does the electron strike the positive plate?
(b) How long does it take the electron to travel the 1-cm distance?

A cylindrical capacitor is made of two coaxial conductors—the outer one’s diam-
eter is 20.2 mm and the inner one’s diameter is 0.2 mm. The inner conductor is
1000-V positive with respect to the outer conductor. Repeat parts (a) and (b) of
Problem 2.17, and compare the results to those of Problem 2.17.
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2.19.

2.20.

2.21.

2.22.

2.23.

2.24.

2.25.

2.26.

Two electrons are initially at rest, separated by 0.1 nm. After the electrons are
released, they repel each other. What is the kinetic energy of each electron when
they are 1.0-nm apart?

A cyclotron produces a 100-pA beam of 15-MeV deuterons. If the cyclotron
were 100% efficient in converting electrical energy into kinetic energy of the
deuterons, what is the minimum required power input, (in kilowatts)?

A 1-uF capacitor is fully charged to 100 V by connecting it across the ter-
minals of a 100-V battery. The charged capacitor is then removed from the
battery and connected in parallel to an uncharged 2-uF capacitor as shown
below.

(a) Whatis the charge on each capacitor after the switch is closed?
(b) What is the voltage across the capacitors after the charge is redistributed?

(a) What voltage must be applied across two electrodes separated by 2-cm high
vacuum in order to have an electron starting from rest on the negative elec-
trode strike the positive plate in 1078 s?

(b) With what speed will the electron strike the plate?

When hydrogen burns, it combines with oxygen according to
2Hs + Oy — 2H5O0.

About 2.3 x 10° ] of heat energy in the production of 1 mol of water. What is the
fractional reduction in the mass of the reactants in this reaction?

(a) A 1000-MW(e) nuclear power plant operates at a thermal efficiency of 33%
and at 75% capacity for 1 year. How many kilograms of nuclear fuel are
consumed during the year?

(b) If a coalfired plant operates at the same efficiency and capacity factor, how
many kilograms coal must be burned during the year if the heat content of
the coal is 27 MJ/kg (11, 700 Btu/1b)?

The solar constant is defined as the rate at which solar radiant energy falls on
the earth’s atmosphere on a surface normal to the incident radiation. The mean
value for the solar constant is 1353 W/m?2, and the mean distance of the earth
from the sun is 1.5 x 10% km.

(a) Atwhat rate is energy being emitted from the sun?

(b) At what rate, in metric tons per second, is the sun’s mass being converted
into energy?

What is the energy of a photon whose momentum is equal to that of a 10-MeV
electron?



56

CHAPTER 2

2.27.

2.28.

2.29.

2.30.

2.31.

2.32.

2.33.

2.34.

2.35.

2.36.

What is the wavelength of

(a) an electron whose kinetic energy is 1000 eV?

(b) a 1078-kg oil droplet falling at the rate of 0.01 m/s?
(c) a 1-MeV neutron?

The specific heat of water in the English system of units is 1 Btu per pound
per degree Fahrenheit; in the cgs system, it is 1 calorie per gram per degree
Celsius.

(a) Calculate the number of joules per British thermal unit if there are

4.186 ]/ cal.
(b) What is the specific heat of water, in J/kg - °C?
The maximum amplitude of the electric vector in a plane wave in free space is
275 V/m.
(a) Whatis the amplitude of the magnetic field vector?
(b) What is the rms value of the electric vector?
(c) Whatis the power density, in mW/ cm? in this electromagnetic field?

An electromagnetic wave has a frequency of 2450 MHz and a maximum electric
field intensity of 100 mV/m. What is the

(a) power density in this field, mW/cm??

(b) maximum magnetic field intensity in this wave?

A radio station transmits at a power of 50,000 W. Assuming the electromagnetic
energy to be isotropically radiated (in the case of areal radio transmitter, emission
is not isotropic):

(a) Whatis the mean power density (mW/cm?), at a distance of 50 km?

(b) Whatis the maximum electric field strength at that distance?

(c) What is the maximum magnetic field strength at that distance?

The mean value for the solar constant is 1.94 cal/min - cm?2. Calculate the electric
and magnetic field strengths corresponding to the solar constant.

How many cubic meters of water must fall over a dam 10-m high in order to
generate the electricity needed to keep a 100 W bulb lit for 1 year if the overall
efficiency of the hydroelectric generating station is 20%?

(a) Calculate the speed of a 25-MeV proton.
(b) What is the percent increase in mass of this proton over its rest mass?

Aneutron passes two points 10.0-m apartin 10 us. Calculate the neutron’s energy
in units of

(a) joules,
(b) ergs, and
(c) electron volts.

A 10-MeV proton is injected into a 2-T magnetic field at an angle of 30° to the
field. Calculate the

(a) velocity of the 10-MeV proton and

(b) magnitude of the magnetic force acting on the proton.
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2.37. (a) Calculate the speed of a
(1) 0.5-MeV electron.
(ii) 25-MeV electron.

(b) How much greater than the rest mass is the mass of each of the energetic
electrons?
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ATOMIC AND
NUCLEAR STRUCTURE

ATOMIC STRUCTURE

Matter, as we ordinarily know it, is electrically neutral. Yet the fact that matter can be
easily electrified—by walking with rubber-soled shoes on a carpet, by sliding across
a plastic auto seat cover when the atmospheric humidity is low, and by numerous
other commonplace means—testifies to the electrical nature of matter. The manner
in which the positive and negative electrical charges were held together was a matter
of concern to the physicists of the early twentieth century.

Rutherford’s Nuclear Atom

The British physicist Rutherford had postulated, in 1911, that the positive charge
in an atom was concentrated in a central massive point called the nucleus and that
the negative electrons were situated at some remote points, about one angstrom
unit distant from the nucleus. In one of the all-time classic experiments of physics,
two of Rutherford’s students, Geiger and Marsden, in 1913, tested the validity of this
hypothesis by bombarding an extremely thin (6 x 107° cm) gold foil with highly ener-
getic, massive, positively charged projectiles called alpha particles. These projectiles,
whose kinetic energy was 7.68 MeV, were emitted from the radioactive substance
polonium. If Rutherford’s idea had merit, it was expected that most of the alpha
particles would pass straight through the thin gold foil. Some of the alpha particles,
however, those that would pass by a gold nucleus closely enough to permit a strong
interaction between the electric field of the alpha particle and the positive point
charge in the gold nucleus, would be deflected as a result of the repulsive force
between the alpha particle and the gold nucleus. An angular scan with an alpha
particle detector about the point where the beam of alpha particles traversed the
gold foil, as shown in Figure 3-1, permitted Geiger and Marsden to measure the
alpha particle intensity at various scattering angles.

The experimental results verified Rutherford’s hypothesis. Although most of the
alpha particles passed undeflected through the gold foil, a continuous distribution
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Figure 3-1. Diagram showing the principle of Ruther-
ford’s experiment with the scattering of alpha particles.

Alpha  gcattering
source foil

The alpha source, its collimator, and the scattering foil Collimators Scattering angle
are fixed; the alpha-particle detector—consisting of a

collimator, a ZnS scintilling crystal, and a microscope— Scintillating crystal \/

rotates around the point where the alpha beam strikes

the scattering foil. Microscope

of scattered alpha particles was observed as the alpha-particle detector traversed a
scattering angle from 0° to 150°. Similar results were obtained with other scatterers.
The observed angular distributions of the scattered alpha particles agreed with those
predicted by Rutherford’s theory, thereby providing experimental evidence for the
nuclear atom. Matter was found to consist mainly of open space. A lattice of atoms,
consisting of positively charged nuclei about 5 x 10~!° m in diameter and separated
by distances of about 1071 m, was inferred from the scattering data. Detailed analyses
of many experimental data later showed the radius of the nucleus to be as follows:

r=12x10"" x A®m, (8.1)

where A is the atomic mass number. The number of unit charges in the nucleus
(1 unit charge is 1.6 x 1071Y C) was found to be approximately equal to the atomic
number of the atom and to about one-half the atomic weight.

Later work in Rutherford’s laboratory by Moseley and by Chadwick in 1920
showed the number of positive charges in the nucleus to be exactly equal to the
atomic number. These data implied that the proton, which carries one unit charge,
is a fundamental building block of nature. (Based on data from high-energy particle
experiments accumulated over a period of several decades, the American physicist
Murray Gell-Mann showed that the proton consisted of three basic particles called
quarks and was held together by a nuclear force so strong that the quarks cannot be
separated. For this discovery, Gell-Mann was awarded the Nobel Prize in Physics in
1969. Although the proton [as well as the neutron] is an assembly of three smaller
particles, for the purpose of health physics, the proton and neutron are considered
to be fundamental particles.)

The outer periphery of the atom, at a distance of about 5 x 10~!! m from the nu-
cleus, was thought to be formed by electrons—equal in number to the protons within
the nucleus and distributed around the nucleus. However, no satisfactory theory to
explain this structure of the atom was postulated by Rutherford. Any acceptable
theory must answer two questions: First, how are the electrons held in place outside
the nucleus despite the attractive electrostatic forces, and, second, what holds the
positive charges in the nucleus together in the face of the repulsive electrostatic
forces?
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Bohr’s Atomic Model

A simple solar system type of model, with the negative electrons revolving about
the positively charged nucleus, seemed inviting. According to such a model, the
attractive force between the electrons and the nucleus could be balanced by the cen-
trifugal force due to the circular motion of the electrons. Classical electromagnetic
theory, however, predicted that such an atom is unstable. The electrons revolving in
their orbits undergo continuous radial acceleration. Since classical theory predicts
that charged particles radiate electromagnetic energy whenever they experience a
change in velocity (either in speed or in direction), it follows that the orbital elec-
trons should eventually spiral into the nucleus as they lose their kinetic energy by
radiation. (The radiation produced by the loss of kinetic energy by this mecha-
nism is called bremsstrahlung and is very important in health physics. This point will
be taken up in more detail in later chapters.) The objection to the solar system
type of atomic model, based on the argument of energy loss due to radial accel-
eration, was overcome in 1913 by the Danish physicist Niels Bohr simply by deny-
ing the validity of classical electromagnetic theory in the case of motion of orbital
electrons.

Although this was a radical step, it was by no means without precedent. The Ger-
man physicist Max Planck had already shown that a complete description of black-
body radiation could not be given with classical theory. To do this, he postulated
a quantum theory of radiation, in which electromagnetic radiations are assumed
to be particles whose energy depends only on the frequency of the radiation. Bohr
adopted Planck’s quantum theory and used it to develop an atomic model that was
consistent with the known atomic phenomena. The main source of experimental
data from which Bohr inferred his model was atomic spectra. Each element, when
excited by the addition of energy, radiates only certain colors that are unique to
it. (This is the basis of neon signs. Neon, sealed in a glass tube, emits red light
as a consequence of electrical excitation of the gas. Mercury vapor is used in the
same way to produce blue-gray light.) Because of the discrete nature of these col-
ors, atomic spectra are called “sharp-line” spectra to distinguish them from white
light or blackbody radiation, which has a continuous spectrum. Hydrogen, for ex-
ample, emits electromagnetic radiation of several distinct frequencies when it is
excited, as shown in Figure 3-2. Some of these radiations are in the ultraviolet re-
gion, some are in the visible light region, and some are in the infrared region.
The spectrum of hydrogen consists of several well-defined series of lines whose
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Figure 3-2. Hydrogen spectrum.
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Figure 3-3. Bohr’s model of the hydrogen atom showing the origin of the various series of lines seen
in the hydrogen spectrum.

wavelengths were described empirically by physicists of the late nineteenth century by
the equation

l_Rl 1 (3.2)
P PR '

where Ris a constant (named after the Swedish scientist Johannes Rydberg) whose
numerical value is 1.097 x 1072 1/nm, n; is any whole number equal to or greater
than 1, and 7y is a whole number equal to or greater than »; + 1. The Lyman series,
which lies in the ultraviolet region, is the series in which n; =1 and ny = 2, 3, 4,
.... The longest wavelength in this series, obtained by setting 7o equal to 2 in Eq.
(3.2),is 121.5 nm. Succeeding lines, when ny is 3 and 4, are 102.6 nm and 97.2 nm,
respectively. The shortest line, called the series limit, is obtained by solving Eq. (3.2)
with 7 equal to infinity; in this case, the wavelength of the most energetic photon
is 91.1 nm.
Bohr’s atomic model (Fig. 3-3) is based on two fundamental postulates:

1. The orbital electrons can revolve around the nucleus only in certain fixed radii
called stationary states. These radii are such that the orbital angular momentum
of the revolving electrons must be integral multiples of /27w, specifically,

nh
muyr = —, 3.3)
2

where m is the mass of the electron, v is its linear velocity, r is the radius of
revolution, % is Planck’s constant, and 7 is any positive integer.
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2. A photon is emitted only when an electron falls from one orbit to another orbit
of lower energy. The energy of the photon is equal to the difference between
the energy levels of the electrons in the two orbits.

hf = Ey— E (3.4a)
Es E

_B B (3.4b)
ok

where f is the frequency of the emitted photon and Es and E; are the high-
and low-energy orbits, respectively.

When the electron revolves around the nucleus, the electrostatic force of attrac-
tion between the electron and the nucleus is balanced by the centrifugal force due
to the revolution of the electron:

Ze X e mu?

ky——— = —, (3.5)

r2 r

where

ko is Coulomb’s law constant, 9 x 10° (N - m?)/C2,
7 is the atomic number of the atom, and

e is the electron and proton charge;

Ze, therefore, is the charge on the nucleus.

Substituting the value for v from Eq. (3.3) into Eq. (3.5) and solving for r, we
have

n?h?

r = T Tme® Zhy (3.6)
Equation (3.6) gives the radii of the electronic orbits that will satisfy the condition
for the stationary states when whole numbers are substituted for n. The normal
condition of the atom, or the ground state, is that state for which n equals 1. When
in the ground state, the atom is in its lowest possible energy state and, therefore, in
its most stable condition. Transitions from the ground state to higher energy orbits
are possible through the absorption of sufficient energy to raise the electron to a
larger orbital radius.

The energy in any orbit may be calculated by considering the kinetic energy of
the electron due to its motion around the nucleus and the potential energy due to its
position in the electric field of the nucleus. Since the kinetic energy of the electron is
equalto 1/ 2mi? (the electron does not revolve rapidly enough to consider relativistic
effects), then, from Eq. (3.5), we have

1. 7o
2 2l (3.7)

The potential energy is, from Eq. (2.32),

Ze Ze?
Ep = k== (—e) = —h"—.
r r

(3.8)
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The total energy is the sum of the kinetic and potential energies:

E = E + Ep
_ koZe* ko Ze? _ ko Ze> (3.9)
% r 2r :

The total energy given by Eq. (3.9) is negative simply as a result of the convention
discussed in Chapter 2. By definition, the point of zero potential energy was set at
an infinite distance from the nucleus. Since the force between the nucleus and the
electron is attractive, it follows that at any point closer than infinity, the potential
energy must be less than that atinfinity and therefore must have a negative numerical
value.

The total energy in any permissible orbit is found by substituting the value for the
radius, from Eq. (3.6), into Eq. (3.9):

—2m2k3mZ%et 1
Equation (3.10) may now be substituted into Eq. (3.4b) to get the frequency of the
“light” that is radiated from an atom when an electron falls from an excited state
into one of lower energy. Letting n; and »n; represent respectively the orbit numbers
for the lower and higher levels, we have the frequency of the emitted radiation:

om’kimZ%et (1 1
f:—n ()m ¢ —2——2 . (3°11)
h3 ny on

. 4 . . o .
Since A = —, the reciprocal of the wavelength of this radiation is

ch? nzf n?

p- 2P (L2 s12)

When numerical values are substituted into the first term of Eq. (3.12), the numerical
value for Rydberg’s constant is obtained.

Excitation and Ionization

The Bohr equation may be used to illustrate the case of hydrogen by substituting
Z =1 into the equations. The radius of the ground state is found to be, from
Eq. (3.6), 0.526 x 10~® cm. The wavelength of the light emitted when the electron
falls from the first excited state, n; = 2, to the ground state, ny = 1, may be calculated
by substituting these values into Eq. (3.2):

1 1 /1 1
X:1'097X102_( ——>

nm \ 12 22

A =121.5 nm.
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The energy of this photon is

gl e _ 6.6 x 10724 J-s x 3 x 10® m/s

=10.2 eV.
. 2e

121.5 x 1079 m x 1.6 x 1019 i
eV

This same amount of energy, 10.2 eV, is necessary to excite hydrogen to the first
excited state. Precisely this amount of energy, no more and no less, may be used.

When a sufficient amount of energy is imparted to raise the electron to an in-
finitely great orbit, that is, to remove it from the electrical field of the nucleus, the
atom is said to be ionized and the negative electron together with the remaining posi-
tively charged atom are called an ion pair. This process is called ionization. Ionization
or excitation may occur when either a photon or a charged particle, such as an elec-
tron, a proton, or an alpha particle, collides with an orbital electron and transfers
some of its kinetic energy to the orbital electron. Ionization and excitation are of
great importance in health physics because this is the avenue through which energy
is transferred from radiation to matter. When living matter is irradiated, the primary
event in the sequence of events leading to biological damage is either excitation or
ionization. The ionization potential of an element is the amount of energy necessary
to ionize the least tightly bound electron in an atom of that element. To remove a
second electron requires considerably more energy than that needed for removing
the first electron. For most elements, the first ionization potential is on the order of
several electron volts. In the case of hydrogen, the ionization potential, /, may be
calculated from Eq. (3.11) by setting »; equal to infinity:

T 2mmZe 11
=M= 0 J 2 \1 o0
1.6 x 1079 — x &

eV

< N 2 2
972 x 9.11 x 10-kg x 1 x (1.6 x 10719 C)"* x <9 " 10 szn )

1.6x 1019 3 (6.626 x 1073 J - 5)*

eV

=13.6 eV.

A collision in which a rapidly moving particle transfers much more than 13.6 eV to
the orbital electron of hydrogen results in the ionization of the hydrogen. The excess
energy above 13.6 eV that is transferred in this collision appears as kinetic energy of
the electron and of the resulting positive ion, which recoils under the impact of the
collision in accordance with the requirements of the conservation of momentum.
Such inelastic collisions occur only if the incident particle is sufficiently energetic,
about 100 eV or greater, to meet this requirement. In those instances where the
energy of the particle is insufficient to meet this requirement, an elastic collision
with the atom as a whole occurs.

Einstein, in 1905, in the first of four groundbreaking papersin thatyear of wonders
(annus mirabilis), described the interaction between a quantum of light and a bound
electron. When a photon, whose energy is great enough to ionize an atom, collides
with a tightly bound orbital electron, the photon disappears and the electron is
¢jected from the atom with a kinetic energy equal to the difference between the
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energy of the photon and the ionization potential. This mechanism is called the
photoelectric effect and is described by the equation

Epe = hf — ¢, (3.13)

where Ep. is the kinetic energy of the photoelectron (the ejected electron), Afis the
photon energy, and ¢ is the ionization potential (commonly called the work function).
Einstein won the Nobel Prize in 1921 for his work on the theoretical aspects of the
photoelectric effect. His other papers in that annus mirabilis included the theory of
Brownian motion, special relativity, and the dependence of inertial mass on energy
as well as his doctoral dissertation on Avogadro’s number and the size of a molecule.

g1l -
\é@ EXAMPLE 3.1

An ultraviolet photon whose wavelength is 2000 A strikes the outer orbital electron
of sodium; the ionization potential of the atom is 5.41 eV. What is the kinetic energy
of the photoelectron?
Solution
The energy of the incident photon is
hf] B he

1.6 x 10-19 J  16x10719x A
' eV

6.626 x 107 J s x 3 x 10° m/s

1.6 x 10-19 iv x 2 x 107 "m

€

=6.21 eV.
From Eq. (3.13), the kinetic energy of the photoelectron is found to be

E,e =6.21 —5.41 = 0.80 eV.

Modifications of the Bohr Atom

The atomic model proposed by Bohr “explains” certain atomic phenomena for
hydrogen and for hydrogen-like atoms, such as singly ionized helium (He™) and
doubly ionized lithium (Li*"). Calculation of spectra for other atoms according to
the Bohr model is complicated by the screening effect of the other electrons, which
effectively reduces the electrical field of the nucleus, and by electrical interactions
among the electrons. The simple Bohr theory described above is inadequate even for
the hydrogen atom. Examination of the spectral lines of hydrogen with spectroscopes
of high resolving power shows the lines to have a fine structure. The spectral lines
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are in reality each made of several lines that are very close together. This observation
implies the existence of sublevels of energy within the principal energy levels and
that these sublevels are very close together. They can be explained by assuming the
orbits to be elliptical instead of circular, with the nucleus at one of the foci, and also
assuming that ellipses of different eccentricities have slightly different energy levels.
For any given principal energy level, the major axes of these ellipses are the same;
eccentricity varies only by changes in the length of the minor axes. The eccentricity
of these ellipses is restricted by quantum conditions. The angular momentum of an
electron revolving in an elliptical orbit is an integral multiple of 4/27, as in the case
of the circular Bohr orbit. However, the numerical value for this multiple is not the
same as that for the circular orbit. In the case of the circular orbit, this multiple, or
quantum number, is called the principal quantum number and is given the symbol n.
For the elliptical orbit, the multiple is called the azimuthal quantum number, usually
symbolized by the letter /, and may be any integral number between 0 and n - 1
inclusive.

Elliptical orbits alone were insufficient to account for observed spectral lines
because the lines observed with the high-resolution spectroscope were found to
exhibit a hyperfine structure of two lines when viewed with a very high resolution
spectrometer. To explain the hyperfine structure, it postulated that each orbital
electron spins about its own axis in the same manner as the earth spins about its
axis as it revolves around the sun. The angular momentum due to this spin also is
quantized and can only have a value equal to one-half a unit of angular momentum.
It is symbolized by the letter s:

1/ h

The orbital electron can spin in only one of two directions with respect to the
direction of its revolution about the nucleus—either in the same direction or in
the opposite direction. This accounts for the plus and minus signs in Eq. (3.14).
Since momentum is a vector quantity, the total angular momentum of the electron
is therefore equal to the vector sum of the orbital and spin angular momenta.

The magnetic properties of the atom must be considered before the description
of the atom is complete. An electron revolving in its orbit around the nucleus may be
considered a current flowing through a closed loop. According to electromagnetic
theory, this current flow generates a magnetic field. The revolving electron thus may
be considered to be a tiny bar magnet. A bar magnet has a magnetic moment given
by the product of the pole strength and the distance between the poles. If such
a magnet were aligned in a magnetic field, a certain amount of work, depending
on the strength of the field, would have to be done in order to rotate the magnet.
Magnetic moments therefore are described by joules per tesla in SI units or by ergs
per gauss in cgs units. Moments have direction as well as magnitude and therefore
are vector quantities.

The spinning of the electron results in an additional magnetic moment, which
may be either positive or negative, depending on the direction of spin relative to the
direction of the orbital motion. The total magnetic moment is therefore equal to the
vector sum of the orbital and spin magnetic moments. If the atoms of any substance
are placed in a strong magnetic field, the orbital electrons, because of their magnetic
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moments, will orient themselves in definite directions relative to the applied mag-
netic field. These directions are such that the component of the vector representing
the orbital angular momentum /, which is parallel to the magnetic field, must have an
integral value of angular momentum. This integral number, m, is called the magnetic
quantum number; it can have numerical values ranging from [, [ — 1,1 —-2,...,0...,
—(l—=2),—=({—=1), =1 The interaction of the magnetic properties of the orbital elec-
trons and an applied magnetic field is the basis for the analytical technique called
electron spin resonance.

To describe an atom completely, it is necessary to specify four quantum numbers,
which have the values given below, for each of the orbital electrons:

SYMBOL NAME VALUE

n Principal quantum number 1,2, ...

l Azimuthal quantum number Oton—1

m Magnetic quantum number —/to0to+/
s Spin quantum number -5+

By using Bohr’s atomic model and assigning all possible numerical values to these
four quantum numbers according to certain rules, it is possible to construct the
periodic table of the elements.

Periodic Table of the Elements

The periodic table of the elements may be constructed with Bohr’s atomic model
by applying the Pauli exclusion principle. This principle states that no two electrons
in any atom may have the same set of four quantum numbers. Hydrogen, the first
element, has a nuclear charge of +1 and therefore has only one electron. Since
the principal quantum number of this electron must be 1, / and m must be 0 and
the spin quantum numbers may be either plus or minus 1/2. If now we go to the
second element, helium, we must have two orbital electrons since helium has a
nuclear charge of +2. The first electron in the helium atom may have the same set
of quantum numbers as the electron in the hydrogen atom. The second electron,
however, must differ. This difference can be only in the spin since we may have two
different spins for the set of quantum numbers n = 1, { = 0, and m = 0. This second
electron exhausts all the possibilities for n = 1. If now a third electron is added when
we go to atomic number 3, lithium, it must have the principal quantum number 2.
In this principal energy level, the orbit may be either circular or elliptical, that is,
the azimuthal quantum number [ may be either 0 or 1. In the case of [ =0, the
magnetic quantum number m can only be equal to 0; when [ = 1, m may be either
—1, 0, or 4+1. Each of these quantum states may contain two electrons, one with
spin +1/2 and the other with spin —1/2. Eight different electrons, each with its
own unique set of quantum numbers, are therefore possible in the second principal
energy level. These eight different possibilities are utilized by the elements Li, Be,
B, C, N, O, F, and Ne (atomic numbers 3-10 inclusive). The additional electron for
sodium (atomic number 11) must have the principal quantum number n = 3. By
assigning all the possible combinations of the four quantum numbers to the electrons
in the third principal energy level, it is found that 18 electrons are possible. These
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energy levels are not filled successively, as were those in the K and L shells. (The
principal quantum levels corresponding to n =1, 2, 3, 4, 5, 6, and 7 are called the
K, L, M, N, O, P, and Q shells, respectively.) No outermost electron shell contains
more than eight electrons. After the M shell contains eight electrons, as in the case
of argon, the next element in the periodic table, potassium (atomic number 20),
starts another principal energy level with one electron in the N shell. Subsequent
elements then may add electrons either in the M or in the N shells, until the M
shell contains its full complement of 18 electrons. No electrons appear in the O
shell until the N shell has eight electrons. The maximum number of electrons that
may exist in any principal energy level is given by the product 272, where n is the
principal quantum number. Thus, the O shell may have a maximum of 2 x 5% = 50
electrons.

The fact that no outermost electron shell contains more than eight electrons is
responsible for the periodicity of the chemical properties of many elements and is
the physical basis for the periodic table. Since chemical reactions involve the outer
electrons, it is not surprising that atoms with similar outer electronic structures
should have similar chemical properties. For example, Li, Na, K, Rb, and Cs behave
chemically in a similar manner because each of these elements has only one electron
in its outermost orbit. The gases He, Ne, Ar, Kr, Xe, and Rn are chemically inert
because their outermost electron shells are filled. Therefore, these elements do
not undergo chemical reactions. The elements are thought to have the electronic
configurations given in Table 3-1.

Examination of Table 3-1 reveals certain interesting points. The first 20 elements
successively add electrons to their outermost shells. The next 8 elements, Sc to Ni,
have four shells but add successive electrons to the third shell until itis filled with the
maximum number of 18. These elements are called transition elements. The same thing
happens with elements 39-46 inclusive. Electrons are added to the fourth shell until
they number 18, then the fifth shell increases until it contains 8 electrons. In element
number 55, Cs, the sixth principal electron orbit, the P shell, starts to fill. Instead
of continuing, however, the N level starts to fill. Beginning with Ce, and continuing
through Lu, electrons are successively added to the fourth electron shell while the two
outermost shells remain about the same. This group of elements is usually called the
rare earths and sometimes the lanthanides because these elements begin immediately
after La. The rare earth elements differ from the transition elements in the depth
of the electronic orbit that is filling. While the transition elements fill the second
outer orbit, the rare earths fill the third electron shell, which is deeper in the atom.
Since, in the case of the rare earths, the two outermost electron shells are alike, it is
extremely difficult to separate them by chemical means. They are of importance to
the health physicist because they include a great number of the fission products. The
concern of the health physicist with the rare earths is aggravated by the fact that the
analytical chemistry of the rare earthsis very difficultand also by the relative dearth of
knowledge regarding their metabolic pathways and toxicological properties. Despite
their name, the rare earths are not rare; they are found to be widely distributed
in nature, albeit in small concentrations. Another group of rare earths is found
in the elements starting with Th and continuing to where the O shell fills while
the P and Q shells remain about the same. These rare earths are usually called
the actinide elements. They are of importance to the health physicist because they
are all naturally radioactive and include the fuel used in nuclear reactors.
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TABLE 3-1.

Electronic Structure of the Elements

K

L

M

N

o

P

Q

ATOMIC SHELL SHELL SHELL SHELL SHELL SHELL SHELL

PERIOD SYMBOL ELEMENT NO. 1 2 3 4 5 6 7

1 H Hydrogen 1 1
He Helium 2 2

2 Li Lithium 3 2 1
Be Beryllium 4 2 2
B Boron 5 2 3
C Carbon 6 2 4
N Nitrogen 7 2 5
O Oxygen 8 2 6
F Fluorine 9 2 7

3 Ne Neon 10 2 8
Na Sodium 11 2 8 1
Mg Magnesium 12 2 8 2
Al Aluminum 13 2 8 3
Si Silicon 14 2 8 4
P Phosphorus 15 2 8 5
S Sulfur 16 2 8 6
cl Chlorine 17 2 8 7

4 Ar Argon 18 2 8 8
K Potassium 19 2 8 8 1
Ca Calcium 20 2 8 8 2
Sc Scandium 21 2 8 9 2
Ti Titanium 22 2 8 10 2
Vv Vanadium 23 2 8 11 2
Cr Chromium 24 2 8 13 1
Mn Manganese 25 2 8 13 2
Fe Iron 26 2 8 14 2
Co Cobailt 27 2 8 15 2
Ni Nickel 28 2 8 16 2
Cu Copper 29 2 8 18 1
Zn Zinc 30 2 8 18 2
Ga Gallium 31 2 8 18 3
Ge Germanium 32 2 8 18 4
As Arsenic 33 2 8 18 5
Se Selenium 34 2 8 18 6
Br Bromine 35 2 8 18 7

5 Kr Krypton 36 2 8 18 8
Rb Rubidium 37 2 8 18 8 1
Sr Strontium 38 2 8 18 8 2
Y Yttrium 39 2 8 18 9 2
zr Zirconium 40 2 8 18 10 2
Nb Niobium 41 2 8 18 12 1
Mo Molybdenum 42 2 8 18 13 1
Tc Technetium 43 2 8 18 14 1
Ru Ruthenium 44 2 8 18 15 1
Rh Rhodium 45 2 8 18 16 1
Pd Palladium 46 2 8 18 18 0
Ag Silver 47 2 8 18 18 1
Cd Cadmium 48 2 8 18 18 2
In Indium 49 2 8 18 18 3
Sn Tin 50 2 8 18 18 4
Sb Antimony 51 2 8 18 18 5
Te Tellurium 52 2 8 18 18 6

(continued )
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TABLE 3-1. Electronic Structure of the Elements (Continued)
K L M N o P Q
ATOMIC SHELL SHELL SHELL SHELL SHELL SHELL SHELL
PERIOD SYMBOL ELEMENT NO. 1 2 3 4 5 6 7
| lodine 53 2 8 18 18 7
6 Xe Xenon 54 2 8 18 18 8
Cs Cesium 55 2 8 18 18 8 1
Ba Barium 56 2 8 18 18 8 2
La Lanthanum 57 2 8 18 18 9 2
Ce Cerium 58 2 8 18 19 9 2
Pr Praseodymium 59 2 8 18 20 9 2
Nd Neodymium 60 2 8 18 22 8 2
Pm Promethium 61 2 8 18 23 8 2
Sm Samarium 62 2 8 18 24 8 2
Eu Europium 63 2 8 18 25 8 2
Gd Gadolinium 64 2 8 18 25 9 2
Tb Terbium 65 2 8 18 26 9 2
Dy Dysprosium 66 2 8 18 28 8 2
Ho Holmium 67 2 8 18 29 8 2
Er Erbium 68 2 8 18 30 8 2
Tm Thulium 69 2 8 18 31 8 2
Yb Ytterbium 70 2 8 18 32 8 2
Lu Lutetium 71 2 8 18 32 9 2
Hf Hafnium 72 2 8 18 32 10 2
Ta Tantalum 73 2 8 18 32 11 2
w Tungsten 74 2 8 18 32 12 2
Re Rhenium 75 2 8 18 32 13 2
Os Osmium 76 2 8 18 32 14 2
Ir Iridium 77 2 8 18 32 15 2
Pt Platinum 78 2 8 18 32 17 1
Au Gold 79 2 8 18 32 18 1
Hg Mercury 80 2 8 18 32 18 2
Tl Thallium 81 2 8 18 32 18 3
Pb Lead 82 2 8 18 32 18 4
Bi Bismuth 83 2 8 18 32 18 5
Po Polonium 84 2 8 18 32 18 6
At Astatine 85 2 8 18 32 18 7
7 RN Radon 86 2 8 18 32 18 8
Fr Francium 87 2 8 18 32 18 8 1
Ra Radium 88 2 8 18 32 18 8 2
AC Actinium 89 2 8 18 32 18 9 2
Th Thorium 90 2 8 18 32 19 9 2
Pa Protactinium 91 2 8 18 32 20 9 2
u Uranium 92 2 8 18 32 21 9 2
Np Neptunium 93 2 8 18 32 22 9 2
Pu Plutonium 94 2 8 18 32 24 8 2
Am Americium 95 2 8 18 32 25 8 2
Cm Curium 96 2 8 18 32 25 9 2
Bk Berkelium 97 2 8 18 32 27 8 2
Cf Californium 98 2 8 18 32 28 8 2
Es Einsteinium 99 2 8 18 32 29 8 2
Fm Fermium 100 2 8 18 32 30 8 2
Md Mendelevium 101 2 8 18 32 31 8 2
No Nobelium 102 2 8 18 32 32 8 2
Lr Lawrencium 103 2 8 18 32 32 9 2
Rf Rutherfordium 104 2 8 18 32 32 10 2
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Characteristic X-rays

Figure 3-4. Schematic representation of the ori-
gin of characteristic X-rays. M

There are certain virtues of the solar system type of atomic model, in which electrons
rotate about the nucleus in certain radii corresponding to unique energy levels.
Virtues of the model include the simple explanations that it allows for transfer of
energy to matter by excitation and ionization, for the photoelectric effect, and for the
origin of certain X-rays called characteristic X-rays. It was pointed out that optical and
ultraviolet spectra of elements are due to excitation of outer electrons to levels up to
several electron volts and that spectral lines represent energy differences between
excited states. As more and more electron shells are added, the energy differences
between the principal levels increase greatly. In elements with high atomic numbers,
these energy levels reach tens of thousands of electron volts. In the case of Pb, for
example, the energy difference between the K and L shells is 72,000 eV. If this K
electron is struck by a photon whose energy exceeds 87.95 keV (the binding energy
of the K electron) the electron is ejected from the atom and leaves an empty slot in
the K shell, as shown schematically in Figure 3-4. Instantaneously, one of the outer
electrons falls down into the vacantslotleft by the photoelectron. When this happens,
a photon is emitted whose energy is equal to the difference between the initial and
final energy levels, in accordance with Eq. (3.4a). For the Pb atom, when an electron
falls from the L to the K levels, the emitted photon has a quantum energy of 72,000
eV. A photon of such high energy is an X-ray. When produced in this manner,
the photon is called a characteristic X-ray because the energy differences between
electron orbits are unique for the different atoms and the X-rays representing these
differences are “characteristic” of the elements in which they originate. This process
isrepeated until all the inner electron orbits are refilled. It is possible, of course, that
the first transition is from the M level or even from the outermost electronic orbit.
The most likely origin of the first electronic transition, however, is the L shell. When
this happens, the resulting X-ray is called a K, photon; if an electron falls from the
M level to the K level, we have a Kg photon. When the vacancy in the L orbit is filled
by an electron that falls from the M level, we have an L, X-ray; if the L vacancy is
filled by an electron originally in the N level, then an Lg X-ray results, and so on.
These characteristic X-rays are sometimes called fluorescent radiation since they
are emitted when matter is irradiated with X-rays. Characteristic radiation is useful
as a tool to the analytical chemist for identifying unknown elements. Characteristic
radiation is of importance to the health physicist who must consider the fluorescent

Ejected electron
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radiation that may be produced in radiation absorbers and in certain other cases
where inner electrons are ejected from high-atomic-numbered elements.

A characteristic X-ray photon may interact with another electron in the atom
where the characteristic photon originated and eject that electron. This second
ejected electron is called an Auger (pronounced ozhay) electron. The Auger electron
can come from the same orbit as the original photoelectron or it may come from an
outer orbit. The kinetic energy of an Auger electron (£Lxa) is given by

Exa = ¢ — 2¢,, (3.15)

where

¢; = binding energy of the inner orbit and
¢, = binding energy of the outer orbit.

The Wave Mechanics Atomic Model

The atomic model described above is sufficiently useful to explain most phenomena
encountered in health physics. For the study of atomic physics, however, a more
abstract concept of the atom was proposed by the Austrian physicist Schrédinger (for
which he and the British physicist Dirac shared the Nobel Prize in 1933). Instead
of working with particulate electrons as Bohr had done, he treated them as de
Broglie waves and developed the branch of physics known as “wave mechanics.”
Starting with the de Broglie equation for the associated electron wave, Schrédinger
derived a general differential equation that must be satisfied by an electron within
an atom. The present-day atomic theory consists of solutions of this equation subject
to certain conditions. A number of different solutions, corresponding to different
energy levels, are possible. However, whereas Bohr pictured an atom with electrons
at precisely determined distances from the nucleus, the Schrodinger wave equation
gives the probability of finding an electron at any given distance from the nucleus.
The two atomic pictures coincide to the extent that the most probable radius for
the hydrogen electron is exactly the same as the first Bohr radius. Similarly, the
second Bohr radius corresponds to the most probable distance from the nucleus
of the electron in the first excited state. Furthermore, the four quantum numbers
arbitrarily introduced into the Bohr atom fall naturally out of the solutions of the
Schrodinger wave equation. Although the wave model has replaced the Bohr system
of atomic mechanics for highly theoretical considerations, the older atomic model
is still considered a very useful tool in helping to interpret atomic phenomena.

THE NUCLEUS

The Neutron and Nuclear Force

It has already been pointed out that the positive charges in the atomic nucleus are
due to protons and that hydrogen is the simplest nucleus—it consists of only a single
proton. If succeeding nuclei merely were multiples of the proton, then the mass
numbers of the nuclei, if a mass number of 1 is assigned to the proton, should be
equal to the atomic numbers of the nuclei. This was not found to be the case. Except
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for hydrogen, the nuclear mass numbers were found to be about twice as great as the
corresponding atomic numbers and became relatively greater as the atomic numbers
increased. Furthermore, it was necessary to account for the stability of the nucleus
in the face of the repulsive coulombic forces among the nuclear protons. Example
2.4 shows that the gravitational force of attraction is insufficient to overcome the
repulsive electrical forces. Both these problems were solved by the discovery, in
1932, by the British physicist Chadwick, of what was thought to be the third basic
building block in nature—the neutron. (Chadwick won the Nobel Prize in 1935
for this discovery.) This particle, whose mass is about the same as that of a proton,
1.67474 x 10727 kg, is electrically neutral. Its presence in the nucleus accounts for the
difference between the atomic number and the atomic mass number; it also supplies
the cohesive force that holds the nucleus together. This force is called the nuclear
force. It is thought to act over an extremely short range—about 2 x 10715 to 3 x
107! m. By analogy to the ordinary case of charged particles, it may be assumed that
the neutron and the proton carry certain nuclear charges and that force fields due
to these nuclear charges are established around the nucleons (particles within the
nucleus). Nuclear forces are all attractive and the interaction between the nuclear
force fields supplies the cohesive forces that overcome the repulsive electrical forces.
However, since the range of the nuclear force is much shorter than the range of the
electrical force, neutrons can interact only with those nucleons to which they are
immediately adjacent, whereas protons interact with each other even though they
are remotely located within the nucleus. For this reason, the number of neutrons
must increase more rapidly than the number of protons.

Quarks

Recent studies in particle physics have shown that protons and neutrons are not the
elementary particles that they had been thought to be. They consist of assemblies
of three particles, called quarks, which are now believed to be elementary particles.
Quarks are charged particles and carry charges of either £2/3 or +1/3 of the charge
on a proton. Those that have £2/3 of the protonic charge are called wp quarks, and
those that carry £1/3 of the protonic charge are called down quarks. A proton consists
of two positive up quarks and one negative down quark, which results in a single
positive charge. A neutron is made of one positive up quark and two negative down
quarks, which results in a net charge of zero. The quarks within a particle are held
together by an extremely strong force called the strong force; it is also known as the
color force (the area of study of the color force is called quantum chromodynamics) . This
force is so strong that it is not possible at this time to separate a proton or a neutron
into its component quarks. In experimental attempts to do this, it was found that the
enormous amount of energy needed to separate a proton or a neutron into their
component quarksis converted into heavy particles. The mass of these heavy particles
accords with Einstein’s mass—energy equivalence rather than being expended in
separating the quarks.

Isotopes

It has been found that for any particular element the number of neutrons within
the nucleus is not constant. Oxygen, for example, consists of three nuclear
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species: one whose nucleus has 8 neutrons, one of 9 neutrons, and one of 10 neu-
trons. In each of these three cases, of course, the nucleus contains 8 protons. The
atomic mass numbers of these three species are 16, 17, and 18, respectively. These
three nuclear species of the same element are called isotopes of oxygen. Isotopes of
an element are atoms that contain the same number of positive nuclear charges
and have the same extranuclear electronic structure but differ in the number of
neutrons. Most elements contain several isotopes. The atomic weight of an element
is the weighted average of the weights of the different isotopes of which the ele-
ment is composed. Isotopes cannot be distinguished chemically since they have the
same electronic structure and therefore undergo the same chemical reactions. An
isotope is identified by writing the chemical symbol with a subscript to the left giving
the atomic number and a superscript giving the atomic mass number or the total
number of nucleons. Thus, the three isotopes of oxygen may be written as 30, IZ;O,
and '$0. Since the atomic number is synonymous with the chemical symbol, the
subscript is usually omitted and the isotope is written as 1°0. It should be pointed
out that not all isotopes are equally abundant. In the case of oxygen, 99.759% of
the naturally occurring atoms are 0, whereas 7O and 'O include 0.037% and
0.204%, respectively. In other elements, the distribution of isotopes may be quite
different. Chlorine, for example, consists of two naturally occurring isotopes, *CI
and 37Cl, whose respective abundances are 75.77% and 24.23%. Sodium and gold
consist of only one naturally occurring isotope, 2*Na and '*7Au, respectively.

The Atomic Mass Unit

The terms weight and mass are frequently used interchangeably. Weight is the force
with which a mass is attracted by gravity. A mass of 1 g weighs 1 g at the earth’s
surface. One gram of force is equal to 980 dynes. Similarly, a mass of 1 kg weighs
1 kg, and a force of 1 kg is equal to 98 N.

Atomic masses may be given either in grams or in relative numbers called atomic
mass units. Since one mole of any substance contains 6.02 x 10%* molecules (Avo-
gadro’s number) and the weight in grams of one mole is equal numerically to its
molecular weight, the weight of a single atom can easily be computed. In the case
of 12C, which is a monoatomic molecule, for example, 1 mol weighs 12.0000 g. One
atom, therefore, weighs

12.0000 g/mol

=1.9927 x 10" %g.
6.02 x 10% atoms/mol x &

Since the mass of 1 mol of '2C was found to be a whole number, carbon was
chosen as the reference standard for the system of relative weights known as atomic
weights. (Actually, the atomic weight of an element is the weighted average of all the
isotopic weights. The physical scale is based only on the weight of '2C.) Since *C
was assigned an atomic weight of 12.0000, one atomic mass unit, amu (also called a
dalton, symbolized by D), is

1.9927 x 10~ 3¢

= 1.6605 x 10~ *'g.
12

1 amu =
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On this basis, the weight of a neutron m, is 1.008665 amu, that of a proton m, is
1.007276 amu, and the weight of an electron is 0.000548 amu. The energy equivalent
of one atomic mass unit is (note that the speed of light is rounded in this example)

2
E(1 amu) = me”J J
1.6 x 10718 ——
MeV
_o7 kg g M2
1 amu x 1.6605 x 1027 —5_ x (3 % 10 —)
— amu S
1.6 x 1013 L
MeV
= 931 MeV.
Binding Energy

At this point, it is interesting to compare the sum of the weights of the constituent
parts of an isotope W with the measured isotopic weight M. For the case of 70O,
whose atomic mass is 16.999131 amu, we have

W= (Z)ymu + (A— Zymy, (3.16)

where Z is the atomic number and A is the atomic mass number, which is equal to
the number of nucleons within the nucleus, myy is the mass of a hydrogen atom, and
my, 1s the mass of a neutron.

W = 8(1.00728) + (17 — 8) (1.00867)
= 17.1363 amu.

The weight of the sum of the parts is seen to be much greater than the actual weight
of the entire atom. This is true not only for 17O but for all nuclei. The difference
between the atomic weight and the sum of the weights of the parts is called the mass
defect and is defined by § as follows:

§=W— M. (3.17)

The mass defect represents the mass equivalent of the work that must be done in
order to separate the nucleus into its individual component nucleons and is therefore
called the binding energy. In energy units, the binding energy, BE, is

MeV
Ep = (W— M)amu x 931 . (3.18)

amu

The binding energy is a measure of the cohesiveness of a nucleus. Since the total
binding energy of a nucleus depends on the number of nucleons within the nucleus,
amore useful measure of the cohesiveness is the average binding energy per nucleon,
E;, as given below:

931 (W — M)
oM

" MeV/nucleon, (3.19)
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where A, the atomic mass number, represents the number of nucleons within the
nucleus. For the case of 170, the binding energy is 131.7 MeV and the average
binding energy per nucleon is 7.75 MeV.

The binding energy per nucleon is very low for the low-atomic-numbered
elements but rises rapidly to a very broad peak at binding energies in excess of
8 MeV/nucleon and then decreases very slowly until a value of 7.58 MeV/nucleon
is reached for 2*®U. Figure 3-5, in which the binding energy per nucleon is plotted
against the number of nucleons in the various isotopes, shows that, with very few
exceptions, there is a systematic variation of binding energy per nucleon with the
number of nucleons within the nucleus.

The most notable departures from the smooth curve are the nuclides *He, '2C,
and 0. Each of these nuclides lies above the curve, indicating that they are very
strongly bound. The 12C and 'O isotopes, as well as 20Ne, which has more binding
energy per nucleon than either of the nuclides that flank it, may be thought of
as containing three, four, and five subunits of *He, respectively. The exceptional
binding energies in these nuclei, together with the fact that *He nuclei, as alpha
particles, are emitted in certain modes of radioactive transformation, suggest that
nucleons tend to form stable subgroups of two protons and two neutrons within the
nucleus.

The fact that the binding energy curve (Fig. 3-5) has the shape thatit does explains
why it is possible to release energy by splitting the very heavy elements and by fusing
two very light elements. Since the binding energy per nucleon is greater for nuclei
in the center of the curve than for nuclei at both extremes, any change in nuclear
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structure that drives the nucleons toward the center of the curve must release the
energy difference between the final and the initial states.

Nuclear Models

(a)

(b)

Liquid drop model
Two different nuclear models have been postulated. According to one of these,
the nucleus is considered to be a homogenous mixture of nucleons in which all
the nucleons interact strongly with each other. As aresult, the internal energy of
the nucleus is about equally distributed among the constituent nucleons, while
surface tension forces tend to keep the nucleus spherical. This is analogous to
a drop of liquid and hence is called the liquid drop model of the nucleus. This
model, which was proposed by Bohr and Wheeler, is particularly successful
in explaining nuclear fission and in permitting the calculation of the atomic
masses of various nuclides whose atomic masses are very difficult to measure.
From the preceding discussion, we see that the mass of a nucleus of atomic
number Z and atomic mass number A is

M= (A= Z)my + Zimyg — 6. (3.20)

Furthermore, the average binding energy per nucleon, and hence the total
binding energy, is seen from Figure 3-5 to be a function of Z and A. The liquid
drop model permits a semiempirical equation to be formulated that relates the
nuclear mass and binding energy to A and Z. According to the liquid drop
model, the intranuclear forces and the potential energy resulting from these
forces are due to the short-range attractive forces between adjacent nucleons,
the long-range repulsive coulomb forces among the protons, and the surface
tension effect, in which nucleons on the surface of the nucleus are less tightly
bound than those in the nuclear interior. The binding energy due to these
forces is modified according to whether the numbers of neutrons and protons
are even or odd. On the basis of this reasoning, the following equation was fitted
to the experimental data relating nuclear mass, in atomic mass units, with A
and Z:

M= 0.99389 A — 0.00081 Z+ 0.014 A%/3

(A)2 — 7)? 72
+ 0.083T + O.OOO627W + A, (3.21)

where

A=0 for odd A,
A = —0.036/4%/4 for even A, even Z, and
A= —i—O.OS6/A3/4 for even A, odd Z.

Shell model

The alternate nuclear model is called the shell model. According to this model
of the nucleus, the various nucleons exist in certain energy levels within the
nucleus and interact weakly among themselves. Many observations and ex-
perimental data lend support to such a nuclear structure. Among the stable
nuclides, the “even—even” nuclei—nuclei with even numbers of protons and
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neutrons—are most numerous, with a total of 162 isotopes. Even—odd nuclei,
in which one type of the nucleons—either the protons or the neutrons—is even
in number and the other type is odd, are second in abundance with a total of
108 nuclides. Odd-odd nuclei are the fewest in number; only four such stable
nuclides are found in nature. Furthermore, “magic numbers” have been found
to recur among the stable isotopes. These magic numbers include 2, 8, 20, 50,
82, and 126. Atoms containing these numbers of protons or neutrons or both
are most abundant in nature, suggesting unusual stability in their structures.
Nuclei containing these magic numbers are relatively inert in a nuclear sense,
that is, they do not react easily when bombarded with neutrons. This is analo-
gous to the case of chemically inert elements that have filled electron energy
levels.

Nucleons interact with magnetic fields in a manner similar to the orbiting
electrons. Protons spin in either one of the two directions, as do the orbiting
electrons, and hence behave as tiny magnets and are associated with magnetic
moments. The charge on a proton is due to the fact that the proton is an as-
sembly of three electrically charged quarks, two “up” quarks each containing a
+2/3 charge and one “down” quark whose charge is —1/3, resulting in the pro-
ton’s +1 charge. The magnetic moment of a proton is very much smaller than
that of an extranuclear electron. In both instances, however, pairs of particles
of opposite spin cancel each other’s magnetic moments, leaving a net magnetic
moment due to an unpaired particle. Neutrons too spin in either one of the
two directions. Despite the fact that they are electrically neutral, spinning neu-
trons nevertheless have a magnetic moment as the neutron consists of three
quarks, one positive up quark that contains a +2/3 charge and two negative
down quarks, each one containing a —1/3 charge. Although the net charge is
zero, the distribution of charges in the neutron leads to electrical polarization,
and hence the ability to generate a magnetic field. The magnetic moment of
protons, especially in hydrogen, is the basis for analysis using nuclear magnetic
resonance and for magnetic resonance imaging in the practice of medicine.

All these observed facts are compatible with an energy level model of the
nucleus similar to the electronic energy level model of the atom. Each nucleon
in a nucleus is identified by its own set of four quantum numbers, as in the case
of the extranuclear electrons. By application of the Pauli exclusion principle
to nucleons, it is possible to construct energy levels that contain successively 2,
8, 20, 28, 50, 82, and 126 nucleons.

As in the case of the extranuclear electrons, nucleons too may be excited
by raising them to higher energy levels. When this occurs, the nucleon falls
back into its ground state and emits a photon whose energy is equal to the
energy difference between the excited and ground states. This is the same type
of phenomenon as seen in the case of optical and characteristic X-ray spectra.
The photon in this case is called a gamma ray. Because nuclear energy levels
are usually much further apart than electronic energy levels, gamma rays are
usually (though not necessarily) more energetic than X-ray photons. It should
be emphasized that from the practical viewpoint of health physics, X-rays and
gamma rays are identical. They differ only in their place of origin—X-rays in
the extranuclear structure and gamma rays within the nucleus. Once they are
produced, it is impossible to distinguish between X-rays and gamma rays.
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Nuclear Stability

If a plot is made of the number of protons versus the number of neutrons for the
stable isotopes, the curve shown in Figure 3-6 is obtained. The stable isotopes lie
within a relatively narrow range, indicating that the neutron-to-proton ratio must
lie within certain limits if a nucleus is to be stable. Most radioactive nuclei lie outside
this range of stability. The plot also shows that the slope of the curve, which initially
has a value of unity, gradually increases as the atomic number increases, thereby
showing the continuously increasing ratio of neutrons to protons.

Since all nuclear forces are attractive, it may appear surprising to find unstable
nuclei with an excessive number of neutrons. This apparent anomaly may be ex-
plained simply in terms of the shell model of the nucleus. According to the Pauli
exclusion principle, like nucleons may be grouped in pairs with each pair having
all quantum numbers the same except the spin quantum number. Since nuclei with
completely filled energy levels are more stable than those with unfilled inner levels,
additional neutrons, in the case of nuclei with unfilled proton levels but filled neu-
tron levels, result in unstable nuclei. To achieve stability, the nucleus may undergo
an internal rearrangement in which the additional neutron transforms itself into a
proton by emitting an electron. The new proton then pairs off with a proton in one
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Figure 3-6. Nuclear stability curve. The line represents the best fit to the neutron—proton coordinates
of stable isotopes.
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of the unfilled proton levels. As an example of this possible mechanism, consider the
consequences of the addition of a neutron to 3IP. This is the stable isotope of phos-
phorus that occurs naturally. According to the shell model, the 15 protons inside
the nucleus may be distributed among seven pairs with one proton remaining un-
paired, while the neutrons may be paired off into eight groups. If now an additional
neutron is added to the nucleus to make j3P, the additional neutron may go into
another energy level. This condition, however, is unstable. The additional neutron
may therefore become a proton and an electron—with the electron being ejected
from the nucleus and the proton pairing off with the single proton, thereby forming
stable J2S. This internal nuclear transformation is called a radioactive transformation
or a radioactive decay.

SUMMARY

Although the word atom is derived from the Greek word atomos, which means “indi-
visible,” modern science has found the atom to be a complex structure consisting
of a positively charged nucleus surrounded by negatively charged electrons. The
nucleus in turn is composed of two different particles—positively charged protons
and electrically neutral neutrons. The protons and neutrons consist of an assembly
of three smaller particles called quarks. Quarks are considered to be one of the fun-
damental building blocks in nature. Strong, attractive, short-ranged, nuclear forces
act between the nucleons (particles within the nucleus) to overcome the repulsive
electric forces that act between the protons. In a neutral atom, the number of ex-
tranuclear electrons is equal to the number of intranuclear protons. The overall
diameter of the atom is on the order of 1078 cm while the diameter of the nucleus
measures about 10713 cm

The Bohr atomic model resembles a miniature solar system, with the electrons
revolving around the nucleus in only certain allowable radii that are described by
a set of four quantum numbers. The wave mechanics atomic model pictures the
atom as a central nucleus surrounded by a cloud of electrons. The distances of these
electrons from the nuclei are not precisely defined, as in the Bohr model, but rather
are described by a wavelike probability function. These two atomic models coincide
to the extent that the most probable radii of the wave mechanical model correspond
to the precisely quantized radii of the Bohr model. Although the wave mechanical
model has replaced the Bohr model for highly theoretical considerations, the Bohr
model is adequate to explain the phenomena that underlie most health physics
measurements and applications.

The atomic number and hence the chemical properties of an element are deter-
mined by the number of protons within the nucleus. Different atoms of the same
element, however, may have different numbers of neutrons within their nuclei. These
different forms of the same element are called isotopes. The total number of nucle-
ons within a nucleus is called its atomic mass number. An isotope usually is specified
by the name of the element and its atomic mass number. In written form, we fre-
quently describe an isotope by its atomic number as a subscript to the left of its
chemical symbol and its atomic mass number as a superscript to the left of its sym-
bol. Thus, for uranium 238, whose atomic number is 92, we have *33U. The mass of a
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3.1.

3.2.

3.3.

3.4.
3.5.

3.6.

3.7.
3.8.

3.9.

3.10.

3.11.

3.12.
3.13.

nucleusisless than the sum of the masses of’its constituent parts. This mass difference
represents the mass equivalent of the energy that was expended in assembling the
nucleus (the binding energy). When a particle is ejected from the nucleus or when
an atom undergoes nuclear fission, this potential energy reappears as the kinetic
energy of the ejected particle or of the fission fragments and the energy of accompa-
nying radiation. A stable atom requires that the ratio of neutrons to protons within
the nucleus be within certain limits. If this ratio is too great or too small then the
nucleus is unstable and it spontaneously attempts to become stable by a radioactive
transformation.

[ 4 PROBLEMS

What is the closest approach that a 5.3-MeV alpha particle can make to a gold
nucleus?

Calculate the number of atoms per cubic centimeter of lead given that the density
oflead is 11.3 g/cm?’ and its atomic weight is 207.21.

A~ meson has a charge of —4.8 x 10719 sC and a mass 207 times that of a resting
electron. If a proton should capture a u~ to form a “mesic” atom, calculate

(a) the radius of the first Bohr orbit and
(b) the ionization potential.
Calculate the ionization potential of a singly ionized *He atom.

Calculate the current due to the hydrogen electron in the ground state of hydro-
gen.

Calculate the ratio of the velocity of a hydrogen electron in the ground state to
the velocity of light.

Calculate the Rydberg constant for deuterium.

What is the uncertainty in the momentum of a proton inside a nucleus of 27Al?

What is the kinetic energy of this proton?

A sodium ion is neutralized by capturing a 1-eV electron. What is the wavelength

of the emitted radiation if the ionization potential of Na is 5.41 V?

(a) How much energy would be released if 1 g of deuterium were fused to form
helium according to the equation *H + *H —*He + Q?

(b) How much energy is necessary to drive the two deuterium nuclei together?

The density of beryllium (atomic number 4) is 1.84 g/ cm?®, and the density of

lead (atomic number 82) is 11.3 g/cm®. Calculate the density of a YBe and a 2**Pb

nucleus.

Determine the electronic shell configuration for aluminum (atomic number 13).

What is the difference in mass between the hydrogen atom and the sum of the

masses of a proton and an electron? Express the answer in energy equivalent (eV)
of the mass difference.
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3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

3.21.

3.22.

3.23.

3.24.

3.25.

3.26.
3.27.

3.28.

3.29.

3.30.

If the heat of vaporization of water is 540 cal/g at atmospheric pressure, what is
the binding energy of a water molecule?

The ionization potential of He is 24.5 eV. What is the

(a) minimum velocity with which an electron is moving before it can ionize an
unexcited He atom?

(b) maximum wavelength of a photon in order that it ionizes the He atom?
In a certain 25-W mercury-vapor ultravioletlamp, 0.1% of the electric energy input

appears as UV radiation of wavelength 2537 A. What is the UV photon emission
rate per second from this lamp?

The atomic mass of tritium is 3.017005 amu. How much energy in million electron
volts is required to dissociate the tritium into its component parts?

Compute the frequency, wavelength, and energy (in electron volts) for the second
and third lines in the Lyman series.

Using the Bohr atomic model, calculate the velocity of the ground-state electrons
in hydrogen and in helium.

The heat of combustion when He combines with Os to form water is 60 kcal/mol
water. How much energy (in electron volts) is liberated per molecule of water
produced?

The atomic weights of 150, 170, and 'O are 15.994915, 16.999131, and 17.999160
amu, respectively. Calculate the atomic weight of oxygen.

Calculate the molecular weight of chlorine, Cly, using the exact atomic weights
of the chlorine isotopes given in appropriate reference sources.

If 9 g of NaCl were dissolved in 1 L of water, what would be concentration, in
atoms per milliliter, of each of the constituent elements in the solution?

The visual threshold of the normal human eye is about 7.3 x 107> W/cm? for
light whose wavelength is 556 nm. What is the corresponding photon flux, in
photons per square centimeter per second?

What is the binding energy of the last neutron in 70?
Calculate the number of hydrogen atoms in 1-g water.

If all the mass of an electron were converted to electromagnetic energy, what
would be the

(a) energy of the photon, in joules and in million electron volts?
(b) wavelength of the photon, in angstrom units?

The thermal energy content of 1 U.S. gal (3.79 L) gasoline is 36.65 kW hours.
To what weight of nuclear fuel, grams, does this amount of energy corres-
pond?

The binding energy of K electrons in copper is 8.980 keV and 0.953 keV in the
L level. What is the wavelength of the K, characteristic X-ray?

The first ionization potential of aluminum is 4.2 eV. What is the maximum wave-
length of light that can ionize an aluminum atom?
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3.31. Two alpha particles are separated by a distance of 4 x 107! m. Calculate the

(a) repulsive electrical force between them.

(b) attractive gravitational force between them.

3.32. The bonding energy of a C—C bond is about 100 kcal/mol. What is the corre-

sponding energy, expressed as eV/bond?
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RADIATION SOURCES

RADIOACTIVITY

Radioactivity may be defined as spontaneous nuclear transformations in unstable
atoms that result in the formation of new elements. These transformations are char-
acterized by one of several different mechanisms, including alpha-particle emission,
beta-particle and positron emission, and orbital electron capture. Each of these re-
actions may or may not be accompanied by gamma radiation. Radioactivity and
radioactive properties of nuclides are determined by nuclear considerations only
and are independent of the chemical and physical states of the radionuclide. Ra-
dioactive properties of atoms, therefore, cannot be changed by any means and are
unique to the respective radionuclides. The exact mode of radioactive transforma-
tion depends on the energy available for the transition. The available energy, in turn,
depends on two factors: on the particular type of nuclear instability—that is, whether
the neutron-to-proton ratio is too high or too low for the particular nuclide under
consideration—and on the mass—energy relationship among the parent nucleus,
daughter nucleus, and emitted particle.

TRANSFORMATION MECHANISMS

All radioactive transformations fall into one of the following categories:

e Alpha emission

e Isobaric transitions (Given the atomic number of the parent nucleus is Z, that
of the daughter nucleus is Z + 1, if a beta particle is emitted, or Z — 1, if a
positron is emitted. The atomic mass number of the daughter is same as that of
the parent.)
o Beta (negatron) emission
o Positron emission
o Orbital electron capture

¢ Jsomeric transitions (The atomic number and the atomic mass number of the
daughter is same as that of the parent.)
o Gamma ray emission
o Internal conversion

85
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Alpha Emission

Figure 4-1. Potential in-
side and in the vicinity of a

nucleus.

An alpha particle is a highly energetic helium nucleus that is emitted from the
nucleus of an unstable atom when the neutron-to-proton ratio is too low. It is a
positively charged, massive particle consisting of an assembly of two protons and
two neutrons. Since atomic numbers and mass numbers are conserved in alpha
transitions, it follows that the result of alpha emission is a daughter whose atomic
number is two less than that of the parent and whose atomic mass number is four
less than that of the parent. In the case of ?!°Po, for example, the reaction is

210 4 206
gaP0 — oHe + “g Pb.

In this example, ?!°Po has a neutron-to-proton ratio of 126: 84, or 1.5: 1. After de-
caying by alpha-particle emission, a stable daughter nucleus, *°Pb, is formed, whose
neutron-to-proton ratio is 1.51: 1. With one exception, '§Sm, naturally occurring
alpha emitters are found only among elements of atomic number greater than 82.
The explanation for this is twofold: First is the fact that the electrostatic repulsive
forces in the heavy nuclei increase much more rapidly than the cohesive nuclear
forces and the magnitude of the electrostatic forces, consequently, may closely ap-
proach or even exceed that of the nuclear force; the second part of the explanation
is concerned with the fact that the emitted particle must have sufficient energy to
overcome the high potential barrier at the surface of the nucleus resulting from the
presence of the positively charged nucleons. This potential barrier may be graphi-
cally represented by the curve in Figure 4-1. The inside of the nucleus, because of
the negative potential there, may be thought of as a potential well that is surrounded
by a wall whose height is about 25 MeV for an alpha particle inside a high-atomic-
numbered nucleus. According to quantum mechanical theory, an alpha particle may
escape from the potential well by tunneling through the potential barrier. For al-
pha emission to be observed from the high-atomic-numbered naturally occurring
elements, theoretical considerations demand that an alpha particle have a kinetic
energy greater than 3.8 MeV. This condition is verified by the experimental finding
that the lowest energy alpha particle emitted from the high-atomic-numbered ele-
ments is 3.93 MeV. This alpha particle originates in 2**Th. (Samarium-147 emits an
alpha particle whose energy is only 2.18 MeV. This low energy is consistent, however,

—] ‘-——Nuclear radius

« Escape by tunneling
through Coulomb barrier

|
|
|
....... 11__ . ——

-+—- Distance from center —

Coulomb potential
P 0 i
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Figure 4-2. Tracks in a Wilson cloud cham-
ber of alpha particles from ThC (?'2Bi), en-
ergy = 8.78 MeV. (Reproduced with permis-
sion from Rutherford E, Chadwick J, Ellis CD,
Radiations from Radioactive Substances. New
York, NY: Macmillan; 1930.)

with the theoretical calculations mentioned above if the low atomic number, 62, of
samarium is considered.) The question regarding the source of this kinetic energy
naturally arises. This energy results from the net decrease in mass following the for-
mation of the alpha particle. Generally, for alpha emission to occur, the following
conservation equation must be satisfied:

M, = My + M, +2M. + Q. (4.1)

where M,, My, M,, and M, are respectively equal to the masses of the parent, the
daughter, the emitted alpha particle, and the two orbital electrons that are lost during
the transition to the lower atomic numbered daughter, while Q is the total energy
release associated with the radioactive transformation. In the case of the decay of
210po, for example, we have, from Eq. (4.1),

Q= Mpo — Mpy, — My — 2 M.
210.04850 — 206.03883 — 4.00277 — 2 x 0.00055

= 0.0058 amu (atomic mass units).
In energy units,
Q = 0.0058 amu x 931 MeV/amu = 5.4 MeV

This Q value represents the total energy associated with the transformation of *!°Po.
Since no gamma ray is emitted in this transition, the total released energy appears
as kinetic energy and is divided between the alpha particle and the daughter, which
recoils after the alpha particle is emitted. The exact energy division between the alpha
and recoil nucleus depends on the mass of the daughter and may be calculated by
applying the laws of conservation of energy and momentum. If M and m are the
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masses, respectively, of the recoil nucleus and the alpha particle, and if V and v are
their respective velocities, then

= L L (4.2)
Q_Q va. .

We have, according to the law of conservation of momentum,

MV = mv (4.3)
or
mu
V=—.
M

When the value for V from Eq. (4.3) is substituted into Eq. (4.2), we have

1 m*? 1
If we let E represent the kinetic energy of the alpha particle, 1/2 mi?, then Eq. (4.4)
may be rewritten as

Q=E (z\% + 1)
or
_ Q
E= o (4.5)

According to Eq. (4.5), the kinetic energy of the alpha particle emitted in the decay
of 210Po is

5.4 MeV

=—" " —53MeV.
(1+ 4/ 206)

The kinetic energy of the recoil nucleus, therefore, is 0.1 MeV.

Alpha particles are essentially monoenergetic. However, alpha-particle spectro-
grams do show discrete energy groupings, with small energy differences among the
different groups. These small differences are attributed to differences in the energy
level of the daughter nucleus. That is, a nucleus that emits one of the lower energy
alpha particles is left in an excited state, while the nucleus that emits the highest
energy alpha particle for any particular nuclide is usually left in the “ground” state.
A nucleus left in an excited state usually emits its energy of excitation in the form of
a gamma ray. It should be pointed out that this gamma ray is emitted immediately,
almost always in <107!? second, after the emission of the charged particle has oc-
curred and, hence, seems to have come from the radioactive parent nucleus, when
in fact it was emitted by the daughter nucleus. Because the gamma ray seems to
have appeared simultaneously with the charged particle, the parent is said to be a
gamma emitter. It should be pointed out that most of the alpha particles are usu-
ally emitted with the maximum energy. Very few nuclei, consequently, are left in
excited states and gamma radiation, therefore, accompanies only a small fraction
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ZZGRa
a, 4.591 MeV
(5.7%)
o, 4.77 MeV
(94.3%)
y, 0.186 MeV
(35%¢-) Figure 4-3. Radium-226 transformation (de-
222Rn
cay) scheme.

of the alpha particles. Radium may be cited as an example of an alpha emitter with
a complex spectrum (Fig. 4-3). In the overwhelming majority of transformations of
220Ra (94.3%), alphas are emitted with a kinetic energy of 4.777 MeV. The remain-
ing alpha particles (5.7%) have kinetic energies of only 4.591 MeV. In that instance,
where a lower energy alpha is emitted, the daughter nucleus is left in an excited
state and rids itself of its energy of excitation by emitting a gamma-ray photon whose
energy is equal to the difference between the energies of the two alpha particles:
4.777 — 4.591 = 0.186 MeV. (About 35% of these gamma-ray photons are internally
converted: see the section on “Internal Conversion.”) The **°Ra spectrum is among
the least intricate of all the complex alpha spectra. Most alpha emitters have several
groups of alphas and therefore more gammas. All alpha spectra, however, show the
same consistent relationship among the various nuclear energy levels.

Alpha particles are extremely limited in their ability to penetrate matter. The dead
outer layer of skin is sufficiently thick to absorb all alpha radiations from radioactive
materials. As a consequence, alpha radiation from sources outside the body does
not constitute a radiation hazard. In the case of internally deposited alpha-emitting
radionuclides, however, the shielding effect of the dead outer layer of skin is absent
and the energy of the alpha radiation is dissipated in living tissue. For this reason and
others to be discussed in Chapter 7, alpha radiation is a concern when it irradiates
the inside of the body from internally deposited radioisotopes.

Isobaric Transitions

Beta Emission

A beta particle is a charged particle that is indistinguishable from an ordinary
electron; it is ejected from the nucleus of an unstable radioactive atom whose
neutron-to-proton ratio is too high. The particle has a single negative electric charge
(=1.6 x 107! C), and therefore is also called a negatron, and a very small mass
(0.00055 amu). Theoretical considerations preclude the independent existence of
an intranuclear electron. It appears as though the beta particle is formed at the
instant of emission by the transformation of a neutron into a proton and an electron
according to the equation

on — 1H + Ye. (4.6)
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This transformation shows that beta decay occurs among those nuclides that have a
surplus of neutrons. For beta emission to be energetically possible, the exact nuclear
mass of the parent must be greater than the sum of the exact masses of the daughter
nucleus plus the beta particle.

M, = Mg+ M.+ Q. (4.7)

This restriction, of course, is analogous to the corresponding restriction on alpha
emitters. Because a unit negative charge is lost during beta decay and the mass of the
beta particle is <1 amu, the daughter nucleus is one atomic number higher than
its parent but retains the same atomic mass number as the parent. For example,
radioactive phosphorus decays to stable sulfur according to the equation

2P — 73S+ _Je+1.71 MeV.

The transformation energy, in this instance 1.71 MeV, is the energy equivalent of
the difference in mass between the **P nucleus and the sum of the masses of the
328 nucleus and the beta particle, and appears as kinetic energy of the beta particle.
If neutral atomic masses are used to complete the mass—energy equation, then, of
course, the mass of the electron shown in the righthand side of Eq. (4.7) is not
considered since it is implicitly included in the extranuclear electronic structure of
the 32S. The mass difference is

31.973907 = 31.972070 + Q
Q = 0.001837 amu

and the energy equivalent of the mass difference is
0.001837 x 931 MeV/amu = 1.71 MeV.

Examination of Eq. (4.5) shows that in the case of beta emission, an extremely
small part of the energy of the reaction is dissipated by the recoil nucleus since m/ M
(where m is now the mass of the beta particle and M is the mass of the daughter
nucleus) is very small. In the example given above,

m _ 0.00055

— = 0.000017
M 32

and Q is only 1.000017 times greater than the kinetic energy of the beta particle.
On the basis of the above analysis, one might expect beta particles to be mo-
noenergetic, as in the case of alpha radiation. This expectation is not confirmed
by experiment. Instead, beta particles are found to be emitted with a continuous
energy distribution ranging from zero to the theoretically expected value based on
mass—energy considerations for the particular beta transition. In the case of *P, for
example, although the maximum energy of the beta particle may be 1.71 MeV, most
of the betas have considerably smaller kinetic energies, as shown in Figure 4-4. The
average energy of a 2P beta particle is 0.7 MeV or about 41% of the maximum en-
ergy. Generally, the average energy of the beta radiation from the most beta-active
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Relative number

E =0.70 MeV

Enax = 1.71 MeV
1 oL {
0.5 1.0 1.5 Figure 4-4. Phosphorous-32 beta
Beta-particle energy (MeV) spectrum.

radioisotopes is about 30-40% of the maximum energy. Unless otherwise specified,
whenever the energy of a beta emitter is given, it implies the maximum energy.

The fact that beta radiation is emitted with a continuous energy distribution up to
a definite maximum seems to violate the established energy—mass conservation laws.
This is explained by the simultaneous emission of a second type of particle, called a
neutrino,’ whose energy is equal to the difference between the kinetic energy of the
accompanying beta particle and the maximum energy of the spectral distribution.
The neutrino, as postulated, has no electrical charge and a vanishingly small mass.
Although these two characteristics make detection of the neutrino difficult, neu-
trinos have been measured and the neutrino hypothesis has been experimentally
verified. Equation (4.6) should therefore be modified to

in—1H + Ye +v, (4.8)

where v represents the neutrino.

Phosphorus-32, like several other beta emitters—including 3H, C, °Sr, and
90Y—emits no gamma rays. These isotopes are known as pure beta emitters. The
opposite of a pure beta emitter is a beta-gamma emitter. In this case, the beta
particle is followed instantaneously (in most cases) by a gamma ray. For those ra-
dionuclides where the gamma-ray emission is delayed, as in the case of *™Tc and
137Cs, the gamma-ray emission is called an isomeric transition. In an isomeric tran-
sition, the atomic number and the atomic mass number of the radionuclide is
not changed. The explanation for the gamma ray here is the same as that in the
case of the alpha. The daughter nucleus, after the emission of a beta, is left in
an excited condition and rids itself of the energy of excitation by the emission
of a gamma ray. Mercury-203 may be given as an example. It emits a 0.21-MeV
beta and a 0.279-MeV gamma, as seen in the transformation scheme shown in
Figure 4-5.

Both illustrations given above (*P and ?*’Hg) are for beta emitters with simple
spectra, thatis, for emitters with only one group of beta particles. Complex beta emit-
ters are those radionuclides whose beta spectra contain more than one distinct group

Technically this is an antineutrino, but in common parlance, unless there is a need to be
more specific, this particle is referred to as a neutrino.
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203Hg

0.279

v, 0.279 MeV
(17%¢")

203 1y 0

Figure 4-5. Transformation (decay) scheme of ?*Hg.

of beta particles. Potassium-42, for example, in about 82% of its transformations, de-
cays to stable *?Ca by emission of a beta particle from a group whose maximum energy
is 3.55 MeV and in 18% of its transformations by emitting a 2.04-MeV beta particle
(Fig. 4-6). In this case, however, the excited **Ca immediately emits a gamma-ray
whose energy is 1.53 MeV. A commonly used radionuclide that has an even more
complex beta—gamma spectrum is '*'I. This isotope decays to stable 3! Xe by emis-
sion of a beta particle. In 90.4% of the transformations, however, the beta particle is
a member of a group whose maximum energy is 0.61 MeV, while the remaining beta
particles belong to groups whose maximum energies range from 0.81 MeV in 0.6%
of the transformations to 0.25 MeV in 1.6% of the transformations. In all instances,
each xenon daughter nucleus is left in an excited state and rids itself of its excita-
tion energy by the emission of gamma radiation. The nucleus resulting from the
emission of the 0.61-MeV beta particle rids itself of its excitation energy by two com-
peting gamma-ray transitions. About 94% of these nuclei (corresponding to 85.3%
of the 1*'T transformations) emit 0.364-MeV gamma rays, and the remaining excited
nuclei emit two gamma rays in cascade—one of 0.284 MeV and one of 0.080 MeV.
The transformation scheme for '*'T is shown in Figure 4-7.

42

B, 2.04 MeV
(18%)

B, 3.55 MeV
(82%)

7, 1.53 MeV

42
Ca

Figure 4-6. Potassium-42 transformation (decay) scheme.
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nad (85.3%)
MeV
131
X
54 8

Figure 4-7. lodine-131 transformation (decay) scheme.

Beta radiation, because of its ability to penetrate tissue to varying depths, depend-
ing on the energy of the beta particle, may be an external radiation hazard. The exact
degree of hazard, of course, depends on the beta energy and must be evaluated in
every case. Generally, however, beta particles whose energies are less than 200 keV
have very limited penetrability. Examples of these include *H, **S, and *C. None of
these are considered as external radiation hazards. It should be noted, however, that
beta particles give rise to highly penetrating X-rays called bremsstrahlung when they
strike a high-atomic-numbered absorbing material. (This interaction is more fully
discussed later, in Chapter 5.) Unless shielding is appropriately designed and proper
precautionary measures are adopted, beta radiation may indirectly result in an ex-
ternal radiation hazard through the production of bremsstrahlung radiation. Any
beta-emitting radionuclide, of course, is potentially hazardous when it is deposited
in the body in amounts exceeding those thought to be safe.

Positron Emission

In those instances where the neutron-to-proton ratio is too low and alpha emission is
not energetically possible, the nucleus may, under certain conditions, attain stability
by emitting a positron. A positron is a beta particle whose charge is positive (in
contrast to a negatively charged beta particle, which is called a negatron when there
is a need to explicitly distinguish it from a positron). In all other respects, it is the
same as the negative beta particle or an ordinary electron. Its mass is 0.000548 amu
and its charge is +1.6 x 107! C. Because of the fact that the nucleus loses a positive
charge when a positron is emitted, the daughter product is one atomic number less
than the parent. The mass number of the daughter remains unchanged, as in all
nuclear transitions involving electrons. In the case of 22Na, for example, we have

1iNa— JiNe + .le + v. (4.9)
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While negative electrons occur freely in nature, positrons have only a transi-
tory existence. They occur in nature only as the result of the interaction between
cosmic rays and the atmosphere and disappear in a matter of microseconds after
formation. The manner of disappearance is of interest and great importance to
the health physicist. The positron combines with an electron and the two particles
are annihilated giving rise to two gamma-rays whose energies are equal to the mass
equivalent to the positron and electron. This interaction is discussed in greater de-
tail in Chapter 5. The positron is not thought to exist independently within the
nucleus. Rather, it is believed that the positron results from a transformation, within
the nucleus, of a proton into a neutron according to the reaction

H—in + e + v (4.10)
For positron emission, the following conservation equation must be satisfied:
M, = Mq+ Me + Q. (4.11)

where M,, My, and M. are the masses of the parent nucleus, daughter nucleus,
and positron, respectively and Q) is the mass equivalent of the energy of the reaction.
Since the daughter is one atomic number less than the parent, it must also lose an
orbital electron, M_., immediately after the nuclear transition. In terms of atomic
masses, therefore, the conservation equation is

My=Ms + Mo + Mye + Q. (4.12)

Sodium-22, a useful radioisotope for biomedical research, is transformed into
%Ne by two competing mechanisms, positron emission and K capture (which is
discussed in the following section), according to the decay scheme shown in Figure
4-8.Positrons are emitted in 89.8% of the transformations, while the competing decay
mode, K capture, occurs in 10.2% of the nuclear transformations. Both modes of
decay result in ?*Ne, which is in an excited state; the excitation energy instantly
appears as a 1.277-MeV gamma ray. The exact atomic mass of the neon may be
calculated from the positron transformation data with the aid of Eq. (4.12):

M (*Ne) = M (**Na) — 2M. — Qn

0.544 +1.277) M
— 99.001404 — 2 x 0.000548 — +1.277) MeV

MeV
931 —
amu
= 21.998353 amu.
22Na
ec(10.2%) B*, 0.5644 MeV
(89.8%)

¥, 1.277 MeV

2Ne

Figure 4-8. Sodium-22 transformation (decay) scheme.



RADIATION SOURCES 95

Since positrons are electrons, the radiation hazard from the positrons themselves
is very similar to the hazard from beta particles. The gamma radiation resulting
from the annihilation of the positron, however, makes all positron-emitting isotopes
potential external radiation hazards.

Orbital Electron Capture

Equation (4.12) shows thatifa neutron-deficientatom is to attain stability by positron
emission, it must exceed the weight of its daughter by at least two electron masses.
If this requirement cannot be met, then the neutron deficiency is overcome by
the process known as orbital electron capture or, alternatively, as electron capture or as
K capture. In this radioactive transformation, one of the extranuclear electrons is
captured by the nucleus and unites with an intranuclear proton to form a neutron
according to the equation

e+ 1H — {n + v (4.13)

The electronsin the K shell are much closer to the nucleus than those in any other
shell. The probability that the captured orbital electron will be from the K shell is
therefore much greater than that for any other shell; hence, the alternate name for
this mechanism is K capture. In the case of K capture, as in positron emission, the
atomic number of the daughter is one less than that of the parent while the atomic
mass number remains unchanged. The energy conservation requirements for K
capture are much less rigorous than for positron emission. It is merely required that
the following conservation equation be satisfied:

M, + M. = Ma+ ¢+ Q, (4.14)

where M, and Mg are the atomic masses (not the atomic mass numbers) of the parent
and daughter, M, is the mass of the captured electron, ¢ is the binding energy of
the captured electron, and Q is the energy of the reaction.

Equation (4.14) may be illustrated by the K-capture mode of transformation of
#2Na. The binding energy ¢ of the sodium K electron is 1.08 keV. The energy of
decay Q may therefore be calculated as follows:

Q = M(*Na) + M. — M(**Ne) — ¢
0.00108 MeV

= 22.001404 4- 0.000548 — 21.998352 — ——«——
+ 931 MeV/amu

= 0.003600 amu.

In terms of MeV, we have

MeV

= 3.352 MeV.

Q = 0.0036 amu x 931
amu

Since a 1.277-MeV gamma ray is emitted, we are left with an excess of 3.352-1.277 =

2.075 MeV. The recoil energy associated with the emission of the gamma-ray is

insignificantly small. The excess energy, therefore, must be carried away by a

neutrino. Although the example given above is for a specific reaction, it is nev-

ertheless typical of all reactions involving K capture; a neutrino is always emitted
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when an orbital electron is captured. It is thus seen that in all types of radioactive
decay involving either the capture or emission of an electron, a neutrino must be
emitted in order to conserve energy. However, in contrast to positron and negatron
(ordinary beta) decay, in which the neutrino carries off the difference between the
actual kinetic energy of the particle and the maximum observed kinetic energy and,
therefore, has a continuous energy distribution, the neutrino in orbital electron
capture is necessarily monoenergetic.

Whenever an atom is transformed by orbital electron capture, an X-ray, char-
acteristic of the daughter element, is emitted as an electron from an outer orbit
falls into the energy level that had been occupied by the captured electron. That
characteristic X-rays of the daughter should be observed follows from the fact that
the X-ray photon is emitted after the nucleus captures the orbital electron and is
thereby transformed into the daughter. These low-energy characteristic X-rays must
be considered by health physicists when they compute absorbed radiation doses
from internally deposited isotopes that decay by orbital electron capture.

Isomeric Transitions

Gamma Rays

Gamma rays are monochromatic electromagnetic radiations that are emitted from
the nuclei of excited atoms following radioactive transformations; they provide a
mechanism for ridding excited nuclei of their excitation energy without affecting
either the atomic number or the atomic mass number of the atom. Since the health
physicist is concerned with all radiations that come from radioactive substances and
since X-rays are indistinguishable from gamma rays, characteristic X-rays that arise
in the extranuclear structure of many nuclides must be considered by the health
physicist in evaluating radiation hazards. However, because of the low energy of
characteristic X-rays, theyare of importance mainlyin the case of internally deposited
radionuclides. Annihilation radiation—the gamma rays resulting from the mutual
annihilation of positrons and negatrons—are usually associated, for health physics
purposes, with those radionuclides that emit positrons. In considering the radiation
hazard from ??Na, for example, two 0.51-MeV photons (the energy equivalent of
the two particles that were annihilated) from the annihilation process, which are
not shown on the decay scheme, must be considered together with the 1.277-MeV
gamma ray, which is shown on the decay scheme. The general rule in health physics,
therefore, is automatically to associate positron emission with gamma radiation in
all problems involving shielding, dosimetry, and radiation hazard evaluation.

Internal Conversion

Internal conversion is an alternative isomeric mechanism to radiative transition by
which an excited nucleus of a gamma-emitting atom may rid itself of excitation en-
ergy. Itis an interaction in which a tightly bound electron interacts with its nucleus,
absorbs the excitation energy from the nucleus, and is ejected from the atom. In-
ternally converted electrons appear in monoenergetic groups. The kinetic energy
of the converted electron is always found to be equal to the difference between the
energy of the gamma-ray emitted by the radionuclide and the binding energy of
the converted electron of the daughter element. Since electrons in the L energy
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Relative number

level of high-atomic-numbered elements are also tightly bound, internal conversion
in those elements results in two groups of electrons that differ in energies by the
difference between the binding energies of the K and L levels. Internal conversion
may be thought of as an internal photoelectric effect, that is, an interaction in which
the gamma ray collides with the tightly bound electron and transfers all of its energy
to the electron. The energy of the gamma ray is divided between the work done to
overcome the binding energy of the electron and the kinetic energy imparted to the
electron. This may be expressed by the equation

E, = E.+ ¢, (4.15)

where E, is the energy of the gamma ray, E. is the kinetic energy of the conversion
electron, and ¢ is the binding energy of the electron. Since conversion electrons are
monoenergetic, they appear as line spectra superimposed on the continuous beta-
particle spectra of the radionuclide. An interesting example of internal conversion
is given by '37Cs. The '*"Cs isotope is transformed by beta emission to '3"™Ba, which
is an excited metastable state of '37Ba. Instead of instantaneously emitting a gamma
ray after radioactive decay, a metastable nucleus delays the emission of the gamma
ray. In the case of 137mBy  the nucleus remains in the excited state for an average
of 3.75 minutes (half-life = 2.6 minutes) before emitting a 0.661-MeV gamma ray
(photon). This photon undergoes internal conversion in 11% of the transitions. The
internal conversion coefficient («), defined as the ratio of the number of conversion
electrons per gamma-ray, is given by

Ne
Ny

o =

(4.16)

andis equal to 0.11 in this instance. Since the half-life of 3™MBais 2.6 minutes, itis, for
practical purposes, in secular equilibrium with its '*’Cs parent. (Secular equilibrium
is explained later in this chapter.) The conversion electrons, therefore, seem to come
from the '37Cs and are found to be superimposed on the beta spectrum of cesium,
as shown in Figure 4-9. After internal conversion, characteristic X-rays are emitted
as outer orbital electrons fill the vacancies left in the deeper energy levels by the
conversion electrons. These characteristic X-rays may themselves be absorbed by an

(

N

o

1000 2000 3000 4000 Figure 4-9. Cesium-137 beta spectrum showing

conversion electrons from the K and L energy
BR (gauss cm) levels.
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internal photoelectric effect on the atom from which they were emitted, a process
that is of the same nature as internal conversion. The ejected electrons from this
process are called Auger electrons, and they possess very little kinetic energy.

TRANSFORMATION KINETICS

Half-Life

Different radioactive atoms are transformed at different rates and each radionuclide
has its own characteristic transformation rate. For example, when the activity of
2P is measured daily over a period of about 3 months and the percentage of the
initial activity is plotted as a function of time, the curve shown in Figure 4-10 is
obtained. The data show that one-half of the %P is gone in 14.3 days, half of the
remainder in another 14.3 days, half of what is left during the following 14.3 days, and
so on.

If a similar series of measurements were made on *!T, it would be observed that
the iodine would disappear at a faster rate. One-half would be gone after 8 days,
and three-fourths of the initial activity would be gone after only 16 days, while seven-
eighths of the iodine would be gone after 24 days.

The time required for any given radionuclide to decrease to one-half of its original
quantity is a measure of the speed with which it undergoes radioactive transforma-
tion. This period of time is called the half-life and is characteristic of the particular
radionuclide. Each radionuclide has its own unique rate of transformation, and no
operation, either chemical or physical, is known that will change the transformation
rate; the decay rate of a radionuclide is an unalterable property of that nuclide.
Half-lives of radionuclides range from microseconds to billions of years.

1.0
.9
8
z g
2 6
Q 14.3 days
2 [~
s 4F
[
3
2
A '
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0 5 10 15 20 25 30 35 40 45 50 55
Figure 4-10. Decrease of 32P activity. Time (days)
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From the definition of the half-life, it follows that the fraction of a radionuclide
remaining after n half-lives is given by the relationship

A 1
LR (4.17)

where Ay is the original quantity of activity and A is the activity left after » half-lives.

i .
\é@ EXAMPLE 4.1

Cobalt-60, a gamma-emitting isotope of cobalt whose half-life is 5.3 years, is used
as a radiation source for radiographing pipe welds. Because of the decrease in ra-
dioactivity with increasing time, the exposure time for a radiograph will be increased
annually. Calculate the correction factor to be applied to the exposure time in order
to account for the decrease in the strength of the source.

Solution
Equation (4.17) may be rewritten as

Ay
A

= 2"
By taking the logarithm of each side of the equation, we have
log 20— 11og 2
og — = nlog 2,
g A g
where 7, the number of ®*Co halflives in 1 year, is 1/(5.3) = 0.189.

A
log 70 = 0.189 x 0.301 = 0.0569

A
70 = inverse log 0.0569 = 1.14

The ratio of the initial quantity of cobalt to the quantity remaining after 1 yearis 1.14.
The exposure time after 1 year, therefore, must be increased by 14%. It should be
noted that this ratio is independent of the actual amount of activity at the beginning
and end of the year. After the second year, the ratio of the cobalt at the beginning
of the second year to that at the end will be 1.14. The same correction factor, 1.14,
therefore, is applied every year to the exposure time for the previous year.

If the decay data for any radionucide are plotted on semilog paper, with the
activity measurements recorded on the logarithmic axis and time on the linear axis,
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Figure 4-11. Generalized semilog 0 1 2 3 4 5
plot of the decrease in activity due to .
radioactive transformation. Time, half-lives

a straight line is obtained. If time is measured in units of half-lives, the straight line
shown in Figure 4-11 is obtained.

The illustrative example given above could have been solved graphically with the
aid of the curve in Figure 4-11. The ordinate at which the time in units of half-
life, 0.189, intersects the curve shows that 87.7% of the original activity is left. The
correction factor, therefore, is the reciprocal of 0.877:

1
Correction factor = —— = 1.14.

0.877

The fact that the graph of activity versus time, when drawn on semilog paper, is
a straight line tells us that the quantity of activity left after any time interval is given
by the following equation:

A= Age ™, (4.18)

where Ay is the initial quantity of activity, A is the amount left after time ¢, A is the
transformation rate constant (also called the decay rate constant, or simply the decay
constant), and e is the base of the system of natural logarithms.

The transformation rate constant is the fractional decrease in activity per unit
time and is defined as

(4.19)

where N is a number of radioactive atoms and AN is the number of these atoms
that are transformed during a time interval A¢. The fraction AN/ N is the fractional
decrease in the number of radioactive atoms during the time interval A¢. A negative
sign is given to A to indicate that the quantity N is decreasing. For a shortlived
radionuclide, A may be determined from the slope of an experimentally determined
transformation curve. For long-lived isotopes, the transformation constant may be
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determined by measuring N, counting the number of transformations per second,

and then calculating the numerical value of A from Eq. (4.19).

g1l -
\é@ EXAMPLE 4.2

A mass of 1-ug radium is found to emit 3.7 x 10* alpha particles per second. If
each of these alphas represents a radioactive transformation of radium, what is the
transformation rate constant for radium?

Solution

In this case, AN is 3.7 x 10%, Atis 1s, and N, the number of radium atoms per
microgram, may be calculated as follows:

6.02 x 10?® atoms/mol
N =

4.20
A g/mol x We (4.20)

where A is the atomic weight and W is the weight of the radium sample.

N 6.02 x 10% atoms/mol
T 2.26 x 102 g/mol

x 107% g = 2.66 x 10'° atoms

The transformation rate constant, therefore, is

N AZZCN _ 3.4 x 10* atoms/12.66 x 10" atoms 197 x 10_111
s s

On a per-year basis, the transformation rate is

d
A=127%x10"" s x 8.64 x 10* % % 3.65 x 102 =
yr

A=4.02x 107" yr!

This value of A may be used in Eq. (4.18) to compute the amount of radium left after
any given time period.

i .
\é@' EXAMPLE 4.3

What percentage of a given amount of radium will decay during a period of 1000
years?
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Solution

The fraction remaining after 1000 years is given by

i M 02XI0T 10y 0402 _ () g7 — 67%.
Ay
The percentage that decayed during the 1000-year period, therefore, is

100 — 67 = 33%.

The quantitative relationship between half-life 7"and decay rate constant A may
be found by setting A/ Ay in Eq. (4.18) equal to 1/2 and solving the equation for ¢.
In this case, of course, the time is the half-life 7%

T=-"" (4.21)

i
\é@ EXAMPLE 4.4

. . . . 1
Given that the transformation rate constant for 22°Ra is 4.38 x 10~* —, calculate the

yr
halflife for radium.
Solution
0.693 0.693
T= = = 1.6 x 10° years.
438 x 107* —
yr
Average Life

Although the half-life of a particular radionuclide is a unique, reproducible charac-
teristic of that nuclide, itis nevertheless a statistical property and is valid only because
of the very large number of atoms involved. (One microgram of radium contains
2.79 x 10" atoms.) Any particular atom of a radionuclide may be transformed at
any time, from zero to infinity. For some applications, as in the case of dosimetry of
internally deposited radioactive material (discussed in Chapter 6), it is convenient
to use the average life of the radioisotope. The average life is defined simply as the
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sum of the lifetimes of the individual atoms divided by the total number of atoms originally
present.

The instantaneous transformation rate of a quantity of radioisotope containing
N atoms is AN. During the time interval between ¢ and ¢ + d¢, the total number
of transformations is AN d¢. Each of the atoms that decayed during this interval,
however, had existed for a total lifetime ¢ since the beginning of observation on
them. The sum of the lifetimes, therefore, of all the atoms that were transformed
during the time interval between ¢ and ¢ + dt, after having survived since time
t =0,1is tAN dt. The average life, 7, of the radioactive species is

oo

1
T=— | (AN d¢, 4.22
N J (4.22)

where N, is the number of radioactive atoms in existence at time ¢/ = 0. Since

N = Nye ™,
we have
o0
1 —At
T = ﬁo A Nye " dt. (4.23)
0

This expression, when integrated by parts, shows the value for the mean life of a
radioisotope to be

1
T=—. 4.24
7 (4.24)
If the expression for the transformation constant in terms of the half-life, 7, of the
radioisotope
0.693
A= ——
T

is substituted into Eq. (4.22), the relationship between the half-life and the mean
life is found to be

T
ACTIVITY
The Becquerel

Uranium-238 and its daughter ?**Th each contain about the same number of atoms
per gram—approximately 2.5 x 102!, Their halflives, however, are greatly different;
238U has a half-life of 4.5 x 10° years while ?**Th has a half-ife of 24.1 days (or 6.63 x
1072 year). Thorium-234, therefore, is transforming 6.8 x 10'° times faster than 2%%U.
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Another example of greatly different rates of transformation that may be cited is *°S
and 32P. These two radionuclides, which have about the same number of atoms
per gram, have half-lives of 87 and 14.3 days, respectively. The radiophosphorus,
therefore, is decaying about 6 times faster than the *S. When using radioactive
material, the radiations are the center of interest. In this context, therefore, 1/6 g
of ¥P is about equivalent to 1 g of %S in radioactivity, while 15 mg of ***Th is
about equivalent in activity to 1 g of 2U. These examples show that when interest
is centered on radioactivity, the gram is not a very useful unit of quantity. To be
meaningful, the unit for quantity of radioactivity must be based on the number of
radioactive decays occurring within a prescribed time in the radioactive material.
This quantity—the number of decays within a given time—is called the activity. Two
units for measuring the activity are used. The SI unitis called the becquerel, symbolized
by Bq, and is defined as follows:

The becquerel is that quantity of radioactive material in which one atom is transformed
per second (tps).

Very often, we use the term disintegration instead of transformation and the bec-
querel is defined in term of disintegrations per second, dps.

1Bq=1tps=1 dps. (4.26)

It must be emphasized that although the becquerel is defined in terms of a number
of atoms transformed per second, it is not a measure of the rate of transformation.
The becquerel is a measure only of quantity of radioactive material. The phrase “one atom
transformed per second,” as used in the definition of the becquerel, is not synony-
mous with the number of particles emitted by the radioactive isotope in 1 s. In the
case of a pure beta emitter, for example, 1 Bq, or 1 tps, does, in fact, result in one
beta particle per second. In the case of a more complex radionuclide, however, such
as “°Co (Fig. 4-12), each transformation releases one beta particle and two gamma
rays; the total number of radiations, therefore, is 3 s! Bq~!. In the case of **K (Fig.
4-6), on the other hand, 18% of the beta transformations are accompanied by a
single quantum of gamma radiation. The total number of emissions from 1 Bq of
12K, therefore, is 1.2 s~!. For many purposes, the becquerel is a very small quantity

GOCO

B, 0.314 MeV

v, 1.173 MeV

v, 1.332 MeV

GONi

Figure 4-12. Cobalt-60 decay scheme.
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of activity and, therefore, the following multiples of the becquerel are commonly
used:

1 kilobecquerel (kBq) = 10° Bq
1 megabecquerel (MBq) = 10° Bq
1 gigabecquerel (GBq) = 10° Bq
1 terabecquerel (TBq) = 10'% Bq.

The Curie

The curie, symbolized by Ci, is the unit for quantity of radioactivity that was used
before the adoption of the SI units and the becquerel. The curie, which originally
was defined as the activity of 1 g of **°Ra, is now more explicitly defined as

The curie is the activity of that quantity of radioactive material in which
3.7 x 10" atoms are transformed in one second.

The curie is related to the becquerel by
1Ci=3.7 x 10" Bq. (4.27)

For health physics as well as for many other purposes, the curie is a very large amount
of activity. Submultiples of the curie, as listed below, are therefore used:

1 millicurie (mCi) = 1073 Ci
1 microcurie (uCi) = 107% Ci
1 nanocurie (nGCi) = 1079 Ci
1 picocurie (pCi) = 1072 Ci
1 femtocurie (fCi) = 10" Ci.

Specific Activity

Note that the becquerel (or curie), although used as a unit of quantity, does not
imply anything about the mass or volume of the radioactive material in which the
specified number of transformations occur. The concentration of radioactivity, or
the relationship between the mass of radioactive material and the activity, is called the
specific activity. Specific activity is the number of becquerels (or curies) per unit mass
or volume. The specific activity of a carrier-free (pure) radioisotope—a radioisotope
that is not mixed with any other isotope of the same element—may be calculated as
follows:

If A is the transformation constant in units of reciprocal seconds, then the num-
ber of transformations per second and, hence, the number of becquerels in an
aggregation of N atoms, is simply given by A N.

If the radionuclide under consideration weighs 1 g, then, according to Eq. (4.20),
the number of atoms is given by

6.02 x 10?® atoms/mol
N = g

mol

x Wg,
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where A is the atomic weight of the nuclide. The activity per unit weight or the
specific activity, therefore, is

% % 6.02 x 10 Bq
A g’

SA=AN= (4.28)

Equation (4.28) gives the desired relationship between the specific activity and
weight of an isotope and can be calculated in terms of the isotope’s half-life by
substituting Eq. (4.21) for A in Eq. (4.28):

_0.693 ~ 6.02 x 10%

AN X
T A
418 x 103 B
SA= 20X 24 (4.29)
Ax T g

Note that Egs. (4.28) and (4.29) are valid only if A and 7 are given in time units
of seconds. A more convenient form for calculating specific activity may be derived
by making use of the fact that there are 3.7 x 10'? tps in 1 g of ?*Ra. The specific
activity, therefore, of ?*Ra is 3.7 x 101 Bq/g. The ratio of the specific activity of any
radionuclide, SA;, to that of 22°Ra is

q =

B 23
57 100 B \RI8 X 105/ Ax, X T
g
Ara X Tra B
SA; = 3.7 x 1010 5 ZRa X Ra 3G (4.30)
Al‘ X 7; g

where Ag,, the atomic weight of 226Ra, is 226, A; is the atomic weight of the radioiso-
tope whose specific activity is being calculated, and Tr, and 7; are the half-lives of
the radium and the radionuclide ¢. The only restriction on Eq. (4.30) is that both
half-lives must be in the same units of time. Analogously, the specific activity in units

of — is given by
g

_ ARa X ﬂ{a Ci

SA; = (4.31)
Ai X ’E g

\%‘a

EXAMPLE 4.5

Calculate the specific activities of *C and °S, given that their half-lives are 5730
years and 87 days, respectively.
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Solution

226 x 1600 year Bq
14 x 5700 year g

B Gi
—1.7x 10" 24 (4.5 —1) ,

SA(MC) =3.7x 10" x

g g
SA (358) 37 % 10 x 226 x 1600 year x 365 d/yr Bq
35 x 87 days g
— 1.6 x 10> 29 (4.3 x 10* 9) ,
g g

The specific activities calculated above are for the carrier-free isotopes of 1*C and
383, Very frequently, especially when radioisotopes are used to label compounds, the
radioisotope is not carrierdree but rather constitutes an extremely small fraction,
either by weight or number of atoms, of the element that is labeled. In such cases, it
is customary to refer to the specific activity either of the element or the compound
that is labeled. Generally, the exact meaning of the specific activity is clear from the

context.

i .
\é@' EXAMPLE 4.6

A solution of Hg(NO3) o tagged with 20?’Hg has a specific activity of 1.5 x 10° Bq/mL

i m
(4 M—). If the concentration of mercury in the solution is 5 ms
mL mL

(a) whatis the specific activity of the mercury?
(b) what fraction of the mercury in the Hg(NOs)s is ***Hg?
(c) whatis the specific activity of the Hg(NO3)o?

Solution

(a) The specific activity of the mercury is

1.5 x 10° Bq/mL
5 mg Hg/mL

B
—0.3x100 =3
m

SA (Hg) = Hg.

(b) The weight-fraction of mercury that is tagged is given by

SA (Hg)
SA (QOSHg) ’

>
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and the specific activity of 2*Hg is calculated from Eq. (4.30):

226 x 1600 yr x 365 d/yr
203 x 46.5 days

=5.2x 10" Bq (1.4 x 10* 9) )
g g

SA(*"Hg) = 3.7 x 10" x

The weight fraction of 203Hg, therefore, is

g 203Hg

8
03 x10"Bq/gHg .o (-8 :
5.2 x 104 Bq/g 23Hg gl

¢) Since an infinitesimally small fraction of the mercury is tagged with 2°3Hg, it
y y 88 g

may be assumed that the formula weight of the tagged Hg (NOs)s is 324.63
and that the concentration of Hg (NOg)s is

324.63 mg Hg (NOy)q y 5mgHg g1 ™8 Hg (NOy)q
200.61 mg Hg mL mL '

The specific activity, therefore, of the Hg(NOs)o is

1.5 x 10° Bq/mL B Ci
X a/mb g, q0¢ Ba Hg (NO3)s | 0.5 2 Hg (NO3), | -
8.1 mg Hg (NOs), mg mg

i .
\é@' EXAMPLE 4.7

Can commercially available 14C—tagged ethanol, CH3—C*Hy—OH, whose specific
activity is 1 mCi/mol, be used in an experiment that requires a minimum spe-
cific activity of 107 transformations 1/min.mL? The density of the alcohol is
0.789 5.

cm’

Solution

Gi
The specific activity of *C, as calculated from Eq. (4.13), is 4.61 hy Therefore,
g
1 mCi of C weighs

1073 Ci 4

-=22x10"g
Ci

4.61 —

8
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and the number of radioactive atoms represented by 0.22-mg '*C is

6.02 x 10% atoms/mol

14 -8

mol

x 2.2 x 107" g = 9.5 x 10'® atoms.

Since 1 mol contains Avogadro’s number of molecules and each tagged molecule
contains only one carbon atom, there are

9.5 x 10'8

ethanol molecules that are tagged. For all practical purposes, therefore, the addi-
tional mass due to the isotopic carbon may be neglected in calculating the molecular
weight of the labeled ethanol and the accepted molecular weight of ethanol, 46.078,
may be used to compute the activity per milliliter of the alcohol:

mCi 1 mol 9 / -, t/min
— x ——— x 222 x 10 x 0.789 —=— =3.8 x 10" ——.
mol  46.078 g ‘mCi L mL

The commercially available ethanol may be used.

NATURALLY OCCURRING RADIATION

There are three sources for naturally occurring sources of radiation. The oldest
source is cosmic radiation, which is believed to have originated at the birth of the
universe, about 13-14 billion years ago. A second source is from primordial radioac-
tive elements that were created when the earth was born about 4.5 billion years ago.
Concentrations or quantities of naturally occurring radioactive material of sufficient
activity to be of interest to a health physicist are known by the acronym NORM. A
third source of naturally occurring radioactivity and radiation is cosmogenic radioac-
tivity. The production of cosmogenic radioactivity is an ongoing process as cosmic
radiation interacts with the atmosphere to produce radionuclides. Another transient
source of radioactivity was a naturally occurring nuclear reactor in what is now the
Republic of Gabon in West Africa, at a site called Oklo, and hence is called the Oklo
reactor. The Oklo reactor went critical about 1.7 billion years ago and continued
to operate over a period of several hundred thousand years. The operating history
of the Oklo reactor is inferred from the fission products that have been found and
from the isotopic composition of the uranium at the Oklo site.

Cosmic Radiation

Cosmic radiation was discovered in 1912 by the Austrian physicist Victor Hess, for
which he received the Nobel Prize in 1936. Cosmic rays are very high-energy particles
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from extraterrestrial sources that bombard the earth. One source is the sun, which
emits mainly alpha particles and protons. The other radiation, consisting mainly
of electrons and protons, originates beyond our solar system and is called galactic
radiation. These primary particles enter the earth’s atmosphere and collide with the
atmospheric molecules to produce secondary cosmic rays that bombard the earth’s
surface and have sufficient energy to penetrate deeply into the ground and the sea.
Cosmic ray intensity increases with altitude because of the decreased shielding effect
of the atmosphere. For example, the cosmic ray intensity in Denver, CO, which is
at an altitude of about 1609 meters (5280 feet), is about twice that in New York,
which is at sea level. In a jet aircraft at an altitude of 30,000 feet (9140 meters), the
cosmic ray intensity is about six to seven times that at sea level. Cosmic-ray intensity
increases with increasing latitude north and south of the equator because the earth’s
magnetic field deflects the high-velocity charged particles that are cutting across the
magnetic force field.

Cosmogenic Radioactivity

Interactions that occur between cosmic radiation and the atmosphere lead to the
production of numerous cosmogenic radionuclides. Most of the cosmogenic ra-
dionuclides, because of their relative paucity and insignificant contribution to the
dose from naturally occurring radioactivity, are of little or no importance in the con-
text of health physics. Two of these, tritium (®*H) and radiocarbon ('*C), are of
interest to health physicists because anthropogenic tritium and radiocarbon
are widely used in research and the presence of the naturally occurring isotopes
must be considered in interpreting health physics measurements when dealing with
these radionuclides. The production of cosmogenic radionuclides is an ongoing
process and a steady state has been established whereby the radionuclides are pro-
duced at the same rate as they decay. For *H, the worldwide steady state inventory is
estimated to be 34 x 10° Gi (1.26 x 10'® Bq) and the estimated global inventory for
C1is 31 x 107 Gi (1.15 x 10" Bq).

The long half-life of 1C (5730 years) makes it an excellent tool for “radiocarbon”
dating of organic artifacts from the historical past. The production of '*C s still going
on due to nuclear transformations induced by the cosmic-ray bombardment of *N.
The environmental burden of *C before the advent of nuclear bombs was about
1.5 x 10! MBq (4 MCi) in the atmosphere, 4.8 x 10! MBq (13 MCi) in plants, and
9 x 10'2 MBq (243 MCi) in the oceans. Testing of nuclear weapons has resulted in
an increase in the atmospheric level of radiocarbon. It is estimated that about 1.1 x
10! MBq (3 MCi) 14C were injected into the air by all weapons tests conducted
up to 1963, when atmospheric testing was halted. The atmospheric radiocarbon
exists as 17COy. It is therefore inhaled by all animals and utilized by plants in the
process of photosynthesis. Because only living plants continue to incorporate *C
along with nonradioactive carbon, it is possible to determine the age of organic
matter by measuring the specific activity of the carbon present. If, after correcting
for the weapons-testing contribution, it is assumed that the rate of production of
11C, as well as its concentration in the air, has remained constant during the past
several tens of thousands of years, then a simple correction of specific activity data
for half-life permits the estimation of the age of ancient samples of organic matter.
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EXAMPLE 4.8

If 2

g of carbon from a piece of wood found in an ancient temple is analyzed and

found to have an activity of 10 transformations/minute/gram, what is the age of
the wood if the current specific activity of '*C in carbon is assumed to have been
constant at 15 transformations/minute/gram?

Solution

The fraction of the original *C remaining today is, according to Eq. (4.18),

A 10 _,,
—=—="
Ay 15

Since the halflife for *C is 5730 years
. 1
L T
5730 years yr

E _ ,—l12Ix107%¢

=e¢

15

t = 3.35 x 10° years.

Primordial Radioactivity

The naturally occurring radioactive substance that Becquerel discovered in 1896
was a mixture of several radionuclides, which were later found to be related to each
other. They were members of a long series of isotopes of various elements, all of
which but the last were radioactive (Tables 4-1 to 4-4). Uranium, the most abundant
of the radioactive elements in this mixture, consists of three different isotopes: about
99.3% of naturally occurring uranium is ***U, about 0.7% is 2 U, and a trace quantity
(about 5 x 1072%) is 2*U. The U and **'U belong to one family, the wranium
series, while the ?*U isotope of uranium is the first member of another series called
the actinium series. Uranium is ubiquitous in the natural environment and is found
in the soil at average concentrations of about 3 ppm (parts per million) by weight,
which corresponds to ~2 pCi or ~74 mBq/g soil. Uranium forms extremely stable
compounds with phosphorous. Phosphate-rich soil, therefore, contains uranium at
concentrations much higher than average, from about 7 ppm to about 125 ppm
Medium-grade uranium ore contains about 1000-5000 ppm uranium, while the
uranium concentration in high-grade ore is about 10,000-40,000 ppm. Uranium
concentration in most surface waters in the United States of America are in the
range of about 1-10 pg/L, and in most of the groundwater, the concentrations vary
from about 1-120 ug/L.

Thorium, another ubiquitous naturally occurring radioactive element, is about 4
times more abundant in nature than uranium. The most abundant thorium isotope,
32T, is the first member of still another long chain of successive radionuclides.
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TABLE 4-1. Thorium Series (41)

ENERGY (MeV)

GAMMA (PHOTONS/

NUCLIDE HALF-LIFE ALPHA? BETA TRANS.)P

B2Th 1.39 100 yrs 3.98

228Ra (MsTh1) 6.7 yrs 0.01

Z8Ac (MsTh2)  6.13h Complex decay scheme 1.59 (n.v.) 0.966 (0.2)
Most intense beta 0.908 (0.25)

groupis 1.11 MeV

238Th (RdTh) 1.91 yrs 5421 0.084 (0.016)

224Ra (ThX) 3.64d 5.681 0.241 (0.038)

220Rn (Tn) 52s 6.278 0.542 (0.0002)

215Po (ThA) 0.158's 6.774

212Pb (ThB) 10.64 h 0.35, 0.59 0.239 (0.40)

212Bi (ThQ) 60.5 min 6.086 (33.7%)°  2.25 (66.3%)° 0.04 (0.034 branch)

212po (ThC') 3.04x1077s 8776

20871 (ThC”) 3.1 min 1.80, 1.29, 1.52 2.615(0.997)

208Pb (ThD) Stable

“Only the highest-energy alpha is given. Complete information on alpha energies may be obtained from Sullivan’s Trilinear Chart of
Nuclides, Government Printing Office, Washington, DC, 1957.

2Only the most prominent gamma rays are listed. For the complete gamma-ray information, consult T. P Kohman: Natural
radioactivity, in H. Blatz (ed.): Radiation Hygiene Handbook. McGraw-Hill, New York, 1959, pp. 6-13.

‘Indicates branching. The percentage enclosed in the parentheses gives the proportional decay by the indicated mode.

All of the isotopes that are members of a radioactive series are found in the upper
portion of the periodic table; the lowest atomic number in these groups is 81, while
the lowest mass number is 207.

All the radioactive series have several common characteristics. The first member of
each series is very long-lived, with a half-life that may be measured in geological time
units. That the first member of each must be very long-lived is obvious because, if the
time since the creation of the world is considered, relatively short-lived radioactive
material would have decayed away during the 4.5 billion years that the earth is
believed to have been in existence. This point is well illustrated by considering the
artificially produced neptunium series. In this case, the first member is the transuranic
element ?*'Pu, which is produced in the laboratory by neutron irradiation of reactor-
produced 239Pu. The halflife of 2*'Pu, however, is only 13 years. Because of this short
halflife, even a period of a century is long enough to permit most of the *!Pu to
decay away. Even the halflife of the longest-lived member of this series, 2’Np, which
is 2.2 x 10° years, is sufficiently short for this element to have essentially disappeared
if it had been created at the same time as all the other elements of the earth.

A second characteristic common to all three naturally occurring series is that each
has a gaseous member and, furthermore, that the radioactive gas in each case is a
different isotope of the element radon. In the case of the uranium series, the gas
(Rn) is called radon; in the thorium series, the gas is called thoron; and in the actinium
series (Table 4-4), itis called actinon. It should be noted that the artificial neptunium
series (Table 4-2) has no gaseous member. The existence of the radioactive gases in
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TABLE 4-2. Neptunium Series (417 + 1)?

ENERGY (MeV)

GAMMA (PHOTONS/

NUCLIDE HALF-LIFE ALPHAP BETA TRANS.)€

234Pu 13.2 yrs 0.02

231 Am 462 yrs 5.496 0.060 (0.4)

2INp 2.2 x 10° yrs 4.77

233Pa 27.4d 0.26, 0.15, 0.57 0.31 (very strong)©

23U 1.62 x 10° yrs 4.823 0.09 (0.02)
0.056 (0.02)
0.042 (0.15)

20Th 7.34 x 103 yrs 5.02

22%Ra 14.8 d 0.32

223Ac 10.0 d 5.80

221 Fr 4.8 min 6.30 0.216 (1)

2 A 0.018s 7.02

2138 47 min 5.86 (2%)7 1.39 (98%)

213Po 42x 1075 8.336

20071 2.2 min 2.3 0.12 (weak)®

209Pb 3.32h 0.635

2098 Stable

“This series is not found in nature; it is produced artificially.

2Only the highest-energy alpha is given. Complete information on alpha energies may be obtained from Sullivan’s Trilinear Chart of
Nuclides, Government Printing Office, Washington, DC, 1957.

€Only the most prominent gamma rays are listed. For the complete gamma-ray information, consult T. R Kohman: Natural
radioactivity, in H. Blatz (ed.): Radiation Hygiene Handbook. McGraw-Hill, New York, 1959, pp. 6-13.

YIndicates branching. The percentage enclosed in the parentheses gives the proportional decay by the indicated mode.

€Exact intensity is not known.

the three chains is one of the chief reasons for the public health concerns about
naturally occurring environmental radioactivity. The radon gas diffuses out of the
earth into the air and becomes widely dispersed throughout the local atmosphere.
The radioactive radon daughters, which are solids under ordinary conditions, attach
themselves to atmospheric dust. The health hazard from radon comes not from the
radon itself but from inhaled dust particles that had adsorbed radioactive radon
progeny on their surfaces. Atmospheric concentrations of radioactivity from this
source vary widely around the earth and are dependent on the local concentrations
of uranium and thorium in the earth. Although the average atmospheric radon con-
centration is on the order of 2 x 107° Bq/mL (5 x 1071 Ci/mL), concentrations
10 times greater are not uncommon. Since the radioactive radon progeny are found
on the surface of atmospheric particles and airborne particles are washed out of
the atmosphere by rain, it is reasonable to expect increased background radiation
during periods of rain. This phenomenon is, in fact, observed, and it must be consid-
ered by health physicists and others in interpreting routine monitoring data. Fallout
caused by rain in Upton, NY, is shown in Figure 4-13—a set of curves giving the beta
and gamma activity during rainy and dry periods.
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TABLE 4-3. Uranium Series (41 + 2)

ENERGY (MeV)

GAMMA (PHOTONS/

NUCLIDE HALF-LIFE ALPHA? BETA TRANS.)P
z8U 451 x 10%yrs  4.18
12 Th (U X)) 24.10d 0.193,0.103 0.092 (0.04)
0.063 (0.03)
BImpa (UXy)  1.175 min 2.31 1.0 (0.015)
0.76 (0.0063), I.T.
Z1Pa (Uz) 6.66 h 0.5 Many (weak)
250 (un) 248 x 10°yrs  4.763
239Th (lo) 8.0 x 10 yrs 4.685 0.068 (0.0059)
230Ra 1,622 yrs 4.777
222Em (Rn) 3.825d 5.486 0.51 (very weak|
218Po (RaA) 3.05 min 5.998 (99.978%)°  Energy not known 0.186 (0.030)
(0.022%)¢
2I8AL (RaA) 2s 6.63 (99.9%)° Energy not known
(0.1%)¢
2I8Em (RaA”)  0.019's 7.127
214Pb (RaB) 26.8 min 0.65 0.352 (0.036)
0.295 (0.020)
0.242 (0.07)
214Bi (RaC) 19.7 min 5.505 (0.04%)° 1.65, 3.7 (99.96%)¢ 0.609 (0.295)
1.12(0.131)
214Po (RaC’) 1.64 x 10745 7.680
21971 (RaC”) 1.32 min 1.96 2.36 (1)
0.783 (1)
0.297 (1)
219Pb (RaD) 19.4 yrs 0.017 0.0467 (0.045)
219Bi (RaE) 5.00 d 1.17
219Po (RaF) 138.40d 5.298 0.802 (0.000012)
208Pb (RaG) Stable

“0nly the highest-energy alpha is given. Complete information on alpha energies may be obtained from Sullivans 7rilinear Chart of
Nuclides, Government Printing Office, Washington, DC, 1957.
2Only the most prominent gamma rays are listed. For the complete gamma-ray information, consult T. P Kohman: Natural

radioactivity, in H. Blatz (ed.): Radiation Hygiene Handbook. McGraw-Hill, New York, 1959, pp. 6-13.

‘Indicates branching. The percentage enclosed in the parentheses gives the proportional decay by the indicated mode.

When the ground is covered with snow, however, a decrease in airborne radioac-
tivity occurs because of the filtering action of the snow blanket on the effusing
radon and its daughters. Increased environmental radioactivity from this source
also occurs during temperature inversions, when vertical mixing of the air and
consequent dilution of radon and its daughters temporarily ceases. Because of
this naturally occurring airborne activity, certain correction factors must be ap-
plied in computing the atmospheric concentration of airborne radioactive con-
taminants from dust samples. These corrections are discussed in more detail in

Chapter 13.
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TABLE 4-4. Actinium Series (4n + 3)

ENERGY (MeV)

GAMMA (PHOTONS/

NUCLIDE HALF-LIFE ALPHA? BETA TRANS.)P
25U 7.3 x 108yrs  4.39 0.18(0.7)
ZiTh (UY) 25.64 h 0.094, 0.302, 0.022 (0.7)
0.216 0.0085 (0.4)
0.061 (0.16)
231Pa 3.43 x 10%yrs  5.049 0.33(0.05)
0.027 (0.05)
0.012 (0.01)
22TAc 21.8yrs 4.94 (1.2%)? 0.0455 (98.8%)¢
221Th (RdAc) 18.4d 6.03 0.24 (0.2)
0.05 (0.15)
223Fr |ACK) 21 min 1.15 0.05 (0.40)
0.08 (0.24)
223Ra (AcX) 11.68d 5.750 0.270 (0.10)
0.155 (0.055)
2L7Em (An) 3.92s 6.824 0.267 (0.086)
0.392 (0.048)
212Po (AcA) 1.83x1073s 7.635
211Pb (AcB) 36.1 min 1.14,05 Complex spectrum,
0.065-0.829 MeV
211Bi (AcC) 2.16 min 6.619 (99.68%)°  Energy not
known (0.32%)¢ 0.35(0.14)
211Po [AcC') 0.52s 7.434 0.88 (0.005)
0.56 (0.005)
20771 (AcC”) 4.78 min 1.47 0.87 (0.005)
207Pb Stable

7Only the highest-energy alpha is given. Complete information on alpha energies may be obtained from Sullivan’s Trilinear Chart of
Nuclides, Government Printing Office, Washington, DC, 1957.
2Only the most prominent gamma rays are listed. For the complete gamma-ray information, consult T. P Kohman: Natural

radioactivity, in H. Blatz (ed.): Radiation Hygiene Handbook. McGraw-Hill, New York, 1959, pp. 6-13.

‘Indicates branching. The percentage enclosed in the parentheses gives the proportional decay by the indicated mode.
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Figure 4-13. Washout of atmospheric radioac-
tivity by rain. (Reproduced with permission from
Weiss MM. Area Survey Manual. Upton, NY:

6 Brookhaven National Lab; June 15, 1955. BNL
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A third common characteristic among the three natural radioactive series is that
the end product in each case is lead. In the case of the uranium series (Table 4-3),
the final member is stable 2°°Pb; in the actinium series, it is 27Pb; and in the thorium
series, it is 2°®Pb. The artificial neptunium series differs in this characteristic too from
the natural series; the terminal member is stable bismuth, 2°?Bi.

These four radioactive decay series, the three naturally occurring ones and the
artificially produced neptunium series, are often designated as the 4n, 4n + 1,
4n + 2, and 4n + 3 series. These identification numbers refer to the divisibility
of the mass numbers of each of the series by 4. The atomic mass number of ?**Th,
the first member of the thorium series, is exactly divisible by 4. Since all disinte-
grations in the series are accomplished by the emission of either an alpha particle
of 4 atomic mass units or a beta particle of 0 atomic mass units, it follows that
the mass numbers of all members of the thorium series are exactly divisible by 4.
The uranium series, whose first member is 28U, consists of radionuclides whose
mass numbers are divisible by 4 and leave a remainder of 2 (238 ~ 4 =59 + 2/4).
This series, therefore, is called the 4n + 2 series. The actinium series, whose first
member is 2U (actinouranium), is the 4n + 3 series. The “missing” series, 4n + 1,
is the artificially produced neptunium series, which begins with 24 py.

Primordial radionuclides found in nature are not restricted to the thorium,
uranium, and actinium series. Several of the elements among the lower-atomic-
numbered members of the periodic table also have radioactive isotopes. The most
important of these low-atomic-numbered natural emitters are listed in Table 4-5.

Of these naturally radioactive isotopes, *’K—by virtue of the widespread distribu-
tion of potassium in the environment (the average concentration of potassium in
crustal rocks is about 27 g/kg and in the ocean is about 380 mg/L) and in plants
and animals, including humans (the average concentration of potassium in humans
is about 1.7 g/kg)—is the most important from the health physics point of view.
Estimates of body burden of many radioactive materials, from which the degree
of exposure to environmental contaminants may be inferred, are made from ra-
diochemical analysis of urine from persons suspected of overexposure. Potassium,
whose concentration in urine is about 1.5 g/L, may interfere with the determination
of the suspected contaminant unless special care is taken to remove the potassium
from the urine or unless allowance is made for the “°K activity. That this interfer-
ing activity must be considered is clearly shown by a comparison of the *°K activity
in urine with that of certain isotopic concentrations thought to be indicative of a
significant body burden.

TABLE 4-5. Some Low-Atomic-Numbered Naturally Occurring Radioisotopes

PRINCIPAL RADIATIONS

ISOTOPIC HALF-LIFE

NUCLIDE ABUNDANCE (%) (YRS) PARTICLES (MeV) GAMMA (MeV)
40K 0.0119 1.3 x 107 1.35 1.46

87Rb 27.85 5x 100 0.275 None

1381 4 0.089 1.1 x 10" 1.0 0.80,1.43
1475m 15.07 1.3x 10" 2.18 None

1761y 2.6 3x 100 0.43 0.20,0.31
187Re 62.93 5x 100 0.043 None
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TABLE 4-6. Average Concentrations of Uranium, Thorium, and Potassium in Some Building Materials

URANIUM THORIUM POTASSIUM

mBq/g mBqg/g mBqg/g
MATERIAL pPpPmM (pci/g) pPpPmM (pci/g) pPpPmM (pci/g)
Granite 4.7 63 (1.7) 2 8(0.22) 4 1184 (32)
Sandstone 0.45 6(0.2) 1.7 7 (0.19) 1.4 414 (11.2)
Cement 3.4 46 (1.2) 5.1 21 (0.57) 0.8 237 (6.4)
Limestone concrete 2.3 31(0.8) 2.1 8.5 (0.23) 0.3 89 (2.4)
Sandstone concrete 0.8 11(0.3) 2.1 8.5 (0.23) 1.3 385 (10.4)
Wallboard 1.0 14 (0.4) 3 12 (0.32) 0.3 89 (2.4)
By-product gypsum 13.7 186 (5.0) 16.1 66 (1.78) 0.02 5.9 (0.2)
Natural gypsum 1.1 15(0.4) 1.8 7.4 (0.2) 0.5 148 (4)
Wood — — 11.3 3390 (90)
Clay brick 8.2 111 (3) 10.8 44 (1.2) 2.3 666 (18)

Source: From Exposure of the Population in the United States and Canada from Natural Background Radiation. Bethesda, MD:
National Council on Radiation Protection and Measurements; 1987. NCRP Report 94.

i .
\\é@ EXAMPLE 4.9

Calculate the specific activity of urine (in transformations per minute per liter) with
respect to K.

Solution

The specific activity of urine, in units of transformations per minute per liter, with
respect to K is

; 10 40
SA. t/min _ 3.7 x 10" x 1600 x 226 Bq 119 x 1048 K o 15¢gK
L 13x109x40  g%K gK L
t/mi t/mi
%60 L _ 98 107 %

A gross beta activity in excess of 200 transformations per minute per liter of urine
following possible exposure to mixed fission products is considered indicative of
internal deposition of the fission products. This activity is less than 10% of that due
to the naturally occurring potassium.

SERIAL TRANSFORMATION

In addition to the four chains of radioactive isotopes described above, a number
of other groups of sequentially transforming isotopes are important to the health
physicist and radiobiologist. Most of these series are associated with nuclear fission,
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and the first member of each series is a fission fragment. One of the most widely
known fission products, for example, 908, is the middle member of a five-member
series of beta emitters that starts with “’Kr and finally terminates with stable *°Zr
according to the following sequence:

33s 2.74 min_ g(

28.8 yr 64.2 hr
90 Y90 90
37Rb 38T

90
36 Kr 39Y 1021

Secular Equilibrium

The quantitative relationship among the various members of the series is of great
significance and must be considered in dealing with any of the group’s members.
Intuitively, it can be seen that any amount of 0Kr will, in a time period of 10-15
minutes, have been transformed to such a degree that, for practical purposes, the
0Ky may be assumed to have been completely transformed. Rubidium-90, the 0Ky
daughter, because of its 2.74-minute half-life, will suffer the same fate after about
an hour. Essentially, all the 90Ky is, as a result, converted into ?°Sr within about an
hour after its formation. The buildup of ?’Sr is therefore very rapid. The halflife
of Sr is 28.8 years and its transformation, therefore, is very slow. The 90y daughter
of %Sr, with a halflife of 64.2 hours, transforms rapidly to stable “Zr. If pure *°Sr
is prepared initially, its radioactive transformation will result in an accumulation of
9Y. Because the Y transforms very much faster than *’Sr, a point is soon reached
at which the instantaneous amount of *’Sr that transforms is equal to that of Y.
Under these conditions, the 2°Y is said to be in secular equilibrium. The quantitative
relationship between radionuclides in secular equilibrium may be derived in the
following manner:

A, g ¢

where the halflife of isotope A is very much greater than that of isotope B. The
decay constant of A, A 4, is therefore much smaller than Az, the decay constant for
B. C is stable and is not transformed. Because of the very long half-life of A relative
to B, the rate of formation of B may be considered to be constant and equal to K.
Under these conditions, the net rate of change of isotope B with respect to time, if
Np is the number of atoms of B in existence at any time ¢ after an initial number, is
given by

rate of change = rate of formation — rate of transformation,

that is,

dNp
d¢

= K — ApNg. (4.32)

We will integrate Eq. (4.32), and solve for Np:

Np t
[ 5= [a (4.33)
K — ApNp
N, 0
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The integrand can be changed to the form

b
d
L (4.34)
v

a

if it is multiplied by —A 5 and the entire integral is multiplied by —1/A 5, in order to
keep the value of the integral unchanged. Equation (4.33), therefore, may be solved
to yield

K — AN,
In( =288 ) — 50 (4.35)
K — ApNp,

Equation (4.35) may be written in the exponential form as

K — ApN,
o T ABIYB it (4.36)
K — 7pNp,

and then may be solved for N as
K —Apt —Apt
NB:)L_(I_Z 5%) 4+ Np,e 5" (4.37)
B
If we start with pure A, that s, if Ny, = 0, then Eq. (4.37) reduces to
K At
Ng=—(1—e¢""). (4.38)
AB

The rate of formation of B from A is equal to the rate of transformation of A.
Therefore, K is simply equal to A 4 N4. An alternative way of expressing Eq. (4.38),
therefore, is

AN

Np = > (1 — ™8y, (4.39)

Note that the quantity of both the parent (A) and the daughter (B) is given in the
same units, namely, AN, or transforming atoms per unit time. This is a reasonable
unit since each parent atom that is transformed changes into a daughter. Any other
unit that implicitly states this fact is equally usable in Eq. (4.39). If AN represents
transforming atoms per second, then division of both sides of the equation by the
proper factor to convert the activity to curies, or multiples thereof, is permissible
and converts Eq. (4.39) into a slightly more usable form. For example, if the activity
of the parent is given in becquerels or millicuries, then the activity of the daughter
must also be in units of becquerels or millicuries, and Eq. (4.39) may be written as

Qp = Qa(l — ey, (4.40)

where Q4 and Qp are the respective activities in becquerels or millicuries of the
parent and daughter.
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EXAMPLE 4.10

If we have 500-mg radium, how much ?*’Rn will be collected after 1 day, after 3.8
days, after 10 days, and after 100 days?

Solution

Since the specific activity of radium is 3.7 x 1010 Bq/g (1 Ci/g), 500 mg = 1.85 x
10'° Bq (500 mGi). The half-ife of radon is 3.8 days and its decay constant therefore

18

)»an(

0.693 0.693

= =0.182
T2y, 3-8 days

1
3

From Eq. (4.40), we have

Orn = Qra(1 — 70y,

QRn — 185 X 1010 Bq (1 _ e—o.lSQ%WXtdays)'

Substituting the respective time in days for ¢ in the equation above gives 3.1 x 10°
Bq (83 mCi) of Rn after 1 day, 9.25 x 10° Bq (250 mCi) after 3.8 days, 1.55 x 1010
Bq (419 mCi) after 10 days, and 1.85 x 100 Bq (500 mCi) after 100 days.

Equation (4.40), as well as the illustrative example given above, show a buildup
of radon from zero to a maximum activity, which is equal to that of the parent from
which it was derived. This buildup of daughter activity may be shown graphically
by plotting Eq. (4.40). A generally useful curve showing the buildup of daughter
activity under conditions of secular equilibrium may be obtained if ¢ is plotted in
units of daughter half-life, as shown in Figure 4-14. As time increases, ¢~*' decreases
and Qp approaches Q4. For practical purposes, equilibrium may be considered to
be established after about seven half-lives of the daughter. At equilibrium, it should
be noted that

AaNy = ApNp. (4.41)

Equation (4.41) tells us that under the conditions of secular equilibrium, the
activity of the parent is equal to that of the daughter and that the ratio of the decay
constants of the parent and daughter are in the inverse ratio of the equilibrium
concentrations of the parentand daughter. This relationship enables us to determine
the decay rate constant, and hence the half-life, of a very long lived radionuclide.
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\é@ EXAMPLE 4.11

Deduce the transformation constant and halflife of ?2Ra if the radon gas in secular
equilibrium with 1 g Ra exerts a partial pressure of 4.8 x 10~* mm Hg in a 1-L flask
and if the halflife of radon is 3.8 days.

Solution

The amount of radon, A, in equilibrium with the radium is computed by
Amol/L.  1mol/22.4 L

48 x 10~*mm 760 mm
A=2.82x 107% mol.

Since the radon is in equilibrium with 1 g radium and since the number of moles of
radium in 1 gram radium is

1

-8 = 4.42 x 1072 mol radium.
226 g/mol

Atsecular equilibrium, the activities of the parentand daughter are equal. Therefore,

ARa X NRa = )\Rn X NRn
0.693

ARa X 442 x 1072 mol = ———— x 2.82 x 10~% mol
3.8 days

—6 1 —4 1

Ira=116x107°% = =424 x 107+ =
d yr

0.693 .

(Tij2)g, = ———— = 1.63 x 10° years
4.24 x 10~4 —

yr
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6 .
\é@ EXAMPLE 4.12

What is the weight of **Ra, grams, in l-metric ton (1000 kg) ore containing
1% (W/W) UsOg?

Solution
In ore, the Ra is in secular equilibrium with its 2*U (U-8) progenitor. The activity
of U-8, therefore, is equal to the activity of the Ra (Eq. [4.41]):
ARa X Nra = Au-g X Nu-g
_ Aus

NRa = X NU_g .
)LRa

Since the value of A varies inversely with the half-life according to Eq. (4.23),

T

0.693
A=

’

we may substitute Eq. (4.23) into Eq. (4.41) to obtain

Tra
Mo = —2 % Ni-s. (4.41a)
Ti-s

The number of U-8 atoms in 1000 kg (10° g) of ore is

1 g U303 1 mol UgOg g U-8
X
gore 3 x23848x16 gUzOg

3 mol U 6.02 x 10% atoms
X X
1 mol U3Og 1 mol U

Nyg = 10° g ore x 0.0

= 2.1 x 10% atoms U-8.

Therefore,
1620 5
Npa = & x 2.1 x 10%® atoms
4.5 x 10% yr
1 1
W(Ra) = 7.56 x 10'® atoms x o x 996 —5_
6.02 x 10~ atoms mol
=28x107g.

Transient Equilibrium

In the case of secular equilibrium discussed above, the quantity of the parent remains
substantially constant during the period that it is being observed. Since it is required
for secular equilibrium that the half-life of the parent be very much longer than that
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of the daughter, it follows that secular equilibrium is a special case of a more general
situation in which the halflife of the parent may be of any conceivable magnitude,
but greater than that of the daughter. For this general case, where the parent activity
is not relatively constant,

Aa

A—

A

B— C,

the time rate of change of the number of atoms of species Bis given by the differential
equation

dNpg
dt

= A4N4 — A Np. (4.42)

In this equation, A 4 N, is the rate of transformation of species A and is exactly equal
to the rate of formation of species B, the rate of transformation of isotope Bis Az Np,
and the difference between these two rates at any time is the instantaneous rate of
growth of species B at that time.

According to Eq. (4.18), the value of A 4 in Eq. (4.42) may be written as

Ny = Nye ™. (4.43)

Equation (4.42) may be rewritten, after substituting the expression above for N4 and
transposing A g Np, as

dNp

o AsNp = Ay Ny, e A, (4.44)

Equation (4.44) is a first-order linear differential equation of the form

d
—dy + P(x)y = Q(x), (4.45)
X

and may be integrable by multiplying both sides of the equation by

edex g dt _ e)\lit’

=¢
and the solution to Eq. (4.45) is
yel Pdx = / el P40 dx. (4.46)

Since Npg, Ap, and )»ANAOe’“‘ from Eq. (4.44) are represented in Eq. (4.46) by y, P,
and 0, respectively, the solution of Eq. (4.44) is

Npets! = / A Ny e dE 4 C (4.47)
or, if the two exponentials are combined, we have

NBef)»,gt — /)\ANAoe(Mf*lA)t di+ C. (4.48)
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If the integrand in Eq. (4.48) is multiplied by the integrating factor Az —A 4, then
Eq. (4.48) is in the form

/ e’dv=¢"+C (4.49)
and the solution is
1
Npert! = ——— A Ny, et 1 . (4.50)
AB— A4

The constant C may be evaluated by applying the boundary conditions

Ng=0when t =0

0=——Asx Ny +C
AB— A4 aX Na+
AN,
C=-2"0 (4.51)
Ap— Aa

If the value for C, from Eq. (4.51), is substituted into Eq. (4.50), the solution for Np
is found to be
)\ANAO

Ny = 2220 (p=hal=huly, 4.5
B AB—/\A(e ) (4.52)

For the case in which the half-life of the parent is very much greater than that of
the daughter, thatis, when A 4 < A g, Eq. (4.52) approaches the condition of secular
equilibrium, which is the limiting case described by Eq. (4.41). Two other general
cases should be considered—the case where the parent half-life is slightly greater
than that of the daughter (A4 < Ap), and the case in which the parent half-life is
less than that of the daughter (A < A4). In the former case, where the half-life of
the daughter is slightly smaller than that of the parent, the daughter activity (if the
parent is initially pure and free of any daughter activity) starts from zero, rises to
a maximum, and then seems to decay with the same half-life as that of the parent.
When this occurs, the daughter is undergoing transformation at the same rate as
it is being produced, and the two radionuclides are said to be in a state of transient
equilibrium.

The quantitative relationships prevailing during transient equilibrium may be
inferred from Eq. (4.52). If both sides of the equation are multiplied by A 3, we have
an explicit expression for the activity of the daughter:

ApAaNy,

ApNp =
BINB g — s

(et — ghnly, (4.53)

Since Ap is greater than A 4, then, after a sufficiently long period of time, e~ *8t will
become much smaller than e~*4!. Under this condition, Eq. (4.53) may be rewritten
as

ABA ANy, it

ApNp =
BIVB p— i

(4.54)
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By the use of Eq. (4.43), the mathematical expression for transient equilibrium,
Eq. (4.54) may be rewritten as

ApraN,
ApNp = 28244 (4.55)
Ap—Aa
or, in terms of activity units (becquerels, curies, etc.), as
. (4.56)
Qp = m— Qa. .

An example of this equilibrium that is of importance to the health physicist is the
ThB to ThC to ThC' and ThC” chain, which occurs near the end of the thorium
series. In this sequence of transformations, ThB (QIQPb) , whose half-life is 10.6 hours,
decays by beta emission to 60.5-minute ThC (*'?Bi), which then branches, 35.4%
of the transformations going by alpha emission to ThC” (**®TI1) and 64.6% of the
transitions being accomplished by beta emission to form ThC’ (?'2Po). The ThC’ and
ThC” halflives are very short, 3 x 1077 seconds and 3.1 minutes, respectively, and
both decay to stable 2*®Pb. Since ThB is a naturally occurring atmospheric isotope,
correction for its activity and its daughter’s activity must be made before the data
on air samples can be accurately interpreted. The growth and decay of ThC are
shown in Figure 4-15. These curves graphically emphasize the fact that at transient
equilibrium the daughter activity seems to decrease at the same rate as the parent
activity.

Figure 4-15 also shows that the daughter activity, which starts from zero, rises to
a maximum value and then decreases. It is also seen that the total activity, daughter
plus parent, reaches a maximum value that does not coincide in time with that of

200

100

[+
(=]

Total, ThB + ThC

=y
(=]
¥

Relative activity

"\ Daughter, ThC
“Parent, ThB

Lo 1 1 1 1 1 A
0 1 2 3 4 5 6 7
Parent haif-lives

Figure 4-15. Transient equilibrium: Growth and decay of 60.5-minute ThC from 10.6-hour ThB.
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the daughter. The time after isolation of the parent that the daughter reaches its
maximum activity, 4nq, may be computed by differentiating Eq. (4.53), the daughter
activity, setting the derivative equal to zero, and then solving for the time at which
the daughter activity is at its maximum, 4yq.

ApiaN,
ApNp = BAAINAy (e—xAt_e—ABt)
Ap—Aa
d(AgN, ApiaN,
(ANp) _ Apha A (a4 A ge ity = 0,
dit Ag—Aa
)\Ae_k‘” = )»Be_)hﬂt
)\_B — _e_)\At — e()w;—)»A)t
)"A - g*)ngt -
AB
In — = ()\B —)»A)t
AA
In(Ag/A 3log(Ag/A
== n(Ag/rs)  2.3log(Ap/ A). (4.57)

Ap—Aa  Ap—Aa

For the case illustrated in Figure 4-15,

0.693 .
Ia= —— =0.065 h!,
10.6
and
0.693
rp= —— =0.686 h™ .
1.01

The time at which the daughter ThC will reach its maximum activity is

_In (0.686/0.065)
470,686 — 0.065

= 3.8 hours.

The time when the total activity is at its peak may be determined in a similar
manner. In this case, the total activity A(¢) must be maximized. The total activity at
any time is given by

A(t) = AaNs + ApNp. (4.58)

Substituting Eqs. (4.43) and (4.52) for N4 and Njp, respectively, in Eq. (4.58), we
have

)"B)\ANAO

A(t) = hgNy e ™ 4 (e7*al — g7hsly, (4.59)
Ap—Aa
Differentiating Eq. (4.59) yields
dA(t ABAaN,
0 _ N e B S S ) (4.60)
d¢ AB—Aa
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Expanding and collecting terms, we have

Ap A2
—A4 Naje ! (1+ ) + E_Nae™'=0
AtVAy Ap — Aa Ap — Aa Ay

and solving for ¢, the time when the total activity is at its maximum, we get

1! o
L= tne = In ) .
Ap—2Aa 2hahp — A5

Referring once more to the example in Figure 4-15, one finds the maximum total
activity to occur at

1 [ (0.686)2
It

= In 2i| = 2.8 hours
0.686 — 0.065 2 x 0.065 x 0.686 — (0.065)

after the initial purification of the parent. It should be noted that the maximum
total activity occurs earlier than that of the daughter alone.

The time when the parent and daughter isotopes may be considered to be equili-
brated depends on their respective half-lives. The shorter the half-life of the daughter
relative to the parent, the more rapidly will equilibrium be attained. In the case where
the half-life of the daughter exceeds that of the parent, no equilibrium is possible.
The daughter activity reaches a maximum at a time that can be calculated from
Eq. (4.57) and then reaches a point where it decays at its own characteristic rate.
The parent, in the meantime, because of its shorter half-life, decays away. The total
activity in this case does not increase to a maximum; it decreases continuously. Equa-
tion (4.58), which gives the time after isolation of a parent at which the total activity
is maximum, cannot be solved for the case in which the halflife of the daughter
exceeds that of the parent or if Az < A 4. These points are all illustrated in Figure
4-16, which shows the course in time of the growth and decay of **Pr, whose half-life

1.0 )

0.75
Z
2
]
«

2. 050
5
[
[+ 4

0.25

/ N~ .
0 1 I 1 .. 8 1 1 1

0o 1 2 3 4 ] 6 7 8
Parent half-lives

Figure 4-16. No equilibrium growth and decay of 24-minute "**Pm from 14-minute '**Ce.
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is 24.4 minutes, from the fission product '*°Ce, whose half-ife is only 13.9 minutes.
Solution of Eq. (4.57) shows the Pr activity to reach its peak 26.2 minutes after
isolation of Ce.

Background Radiation

Background radiation is the sum of the external radiation doses that accrue from
the naturally occurring radiation sources (23U, 232Th, 22°Ra, 1°K, 1C, etc.), cosmic
radiation, and anthropogenic sources, such as debris from weapons tests, fallout
from accidental releases, and releases from the routine operations of reactors and
the nuclear fuel cycle. The exact background dose rate varies from place to place,
depending mainly on the mineral contentin the ground and the cosmic ray intensity
(which in turn depends on the altitude and the latitude). In most places, the external
background dose rate varies from about 70 to 150 millirads (700-1500 1 Gy) per year.
(The millirad and the Gy are units of radiation dose that are explained in Chap-
ter 8.) However, there are many places throughout the world where the background
is very much higher than the average. These higher background dose rates are due
to high concentrations of radioactive minerals (mainly the thorium-bearing mineral
monazite) in the ground. In Brazil, there are beaches where the background dose
rates reach as high as 43,000 millirads (430,000 uGy) per year.

The soil in the Kerala region of southwest India too is rich in monazite, which
results in average external dose rates of 500-600 millirads (5000-6000 1 Gy) per year.
In China, there are large densely populated areas where the external background
rate is in the range of 300-400 millirads (3000-4000 . Gy) per year. In the United
States, the background radiation in Denver, CO, of approximately 200 millirads
(2000 uGy) per year is about twice the background dose rate in New York City. It is
important to note that no harmful radiation effects have been observed among the
populations living in the high-radiation areas.

Background is significant to the health physicistin two ways. First, the background
radiation must be accounted for when measuring radiation from a source. Secondly,
it substantiates the validity of our radiation safety standards for incremental doses
that are within the range of variability of background dose rate levels.

Machine Sources of Radiation

X-ray Tube

Useful radiation can also be generated in several different types of machines. The first
of these machine sources was the high-vacuum diode, called a Crooke’s tube, which
Roentgen was using in alaboratory experimentin the year 1895. In the Crooke’s tube,
electrons were accelerated across about 25,000 V to a high velocity and then were
abruptly stopped when they struck the anode. In accordance with Maxwell’s theory of
electromagnetic radiation, some of the kinetic energy of the electrons was converted
into electromagnetic energy in the form of X-rays due to the abrupt deceleration
of the electrons (Fig. 4-17). This method of generating X-rays is the forerunner
of the modern X-ray tube used in diagnostic radiology, dentistry, and in industrial
radiography. The same type of X-ray generators are used in X-ray spectrometers
and diffractometers in analytical chemistry and crystallography, and in inspection
and control devices. Most of the X-rays from this type of generator are emitted
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Torget (onode)

Figure 4-17. A conventional X-ray gener-
ator, in which electrons that are emitted by
a heated cathode are accelerated by the
strong electric field and emit X-rays after be-
ing abruptly stopped by striking the target.
The useful X-ray beam emerges through an

Gloss envelope
Heater

opening in the tube housing (shield).

atright angles to the path of the accelerated electron. In this type of X-ray generator,
the full accelerating voltage must be applied across the electrodes of the tube. This
limits the maximum kinetic energy of the electrons to several hundred thousand
electron volts.

Linear Accelerator

Other methods of accelerating electrons are used to overcome this high voltage
limitation in order to generate very high energy X-rays. The most common method
is with the linear accelerator (Fig. 4-18). The linear accelerator, in principle, consists
of a series of tubular electrodes, called drift tubes, with an electron source at one end
and a target at the other end for stopping the high-energy electrons. The electrodes
are connected to a source of high-frequency alternating voltage whose frequency is
such that the polarity of the electrode changes as the electron exits from one drift
tube and thus is attracted to the next drift tube. Each successive drift tube is at a
higher voltage than the preceding one. The electron’s gain in kinetic energy in eV
is thus equal to the voltage difference between successive drift tubes. These gains
in kinetic energy are cumulative. Thus, if we had a series of 30 electrode gaps with
100 kV differences between them, and if the electron were injected into the system
with a kinetic energy of 100 keV, the electron would emerge at the other end with a
kinetic energy of

Ex =100 4+ (30 x 100) = 3100 keV = 3.1 MeV.

The energy gradient in linear accelerators typically is 2—4 MeV/ft. At these high
energies, the speed of an electron is almost that of the speed of light. A 2-MeV
electron has a speed of 2.94 x 10% m/s, while the speed of a 4-MeV electron is 2.98 x
108 m/s, and the speed of a 6-MeV electron is 2.99 x 10® m/s. The increase in kinetic
energy goes to increased mass rather than to higher speed, and all the high-energy
electrons travel at about the same speed. The drift tubes, therefore, could be made
of the same length for high-energy electrons. In practice, the alternating sections of
the linear accelerator are coupled to a microwave source, such as a magnetron or
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Figure 4-18. lllustration of the operating principle of a linear accelerator. (From Brobeck WM. Particle Accelerator
Safety Manual, MORP 68-12. Rockville, MD: National Center for Radiological Health; 1968.)

klystron. The high-frequency alternating voltage may be thought of as a voltage wave
that is guided down the accelerating tube (called a waveguide) and carries a bunch
of electrons with each wave. The microwaves energize the waveguide in pulses of
several microseconds each at a pulse repetition rate of about 50 to several thousand
pulses per second. In addition to generating X-ray by causing the electron beam
to strike an internal target, a linear accelerator can be designed to be an electron
irradiator, that is, to bring the electron beam out of the machine and to deliver a
radiation dose with the electron beam. Linear accelerators are widely used to treat
cancers, as well as in research and industrial applications.

Cyclotron

High-energy charged particles, such as protons and deuterons, can be generated for
use in research and for producing radionuclides for medical use. Generally, heavy
charged particles are accelerated by driving them in a circular path, with energy
gained stepwise as the particle completes a revolution in the accelerator. The earliest
machine of this type is the cyclotron, which was invented in 1931 by Ernest Lawrence
and Stanley Livingston. In the cyclotron (Fig. 4-19), the heavy charged particle is in-
jected into an evacuated chamber containing two opposing hollow electrodes (called
“dees” because of their shape) made of nonmagnetic metal, such as copper. The evac-
uated chamber is located between the poles of a strong electromagnet, on the order
of 1.5 T (15,000 gauss) or more. The magnetic field causes the injected ions to travel
in a circular path. The dees, which are separated by a small gap, are connected to
aradiofrequency (RF) voltage source whose frequency is the same as the rotational
frequency of the circulating ions. The injected positive ion is attracted to and enters
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Figure 4-19. lllustration of the operating principle of a cyclotron. (From Brobeck WM. Particle Accel-
erator Safety Manual, MORP 68-12. Rockville, MD: National Center for Radiological Health; 1968.)

into the hollow negatively charged dee. Since there is no electric field inside a hol-
low conductor, the ion is under the influence only of the magnetic field, and coasts
in a circular path at a constant angular velocity until it reaches the other edge of
the dee. At the correct, or resonance frequency, the ion arrives at the gap between
the dees at the instant that the polarity of the dees reverses. That is, the dee that the
ion is leaving becomes positive, thus repelling the exiting ion, while the opposite
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dee becomes negative, thus attracting the positive ion. The peak oscillating voltage
across the dees is on the order of 100 kV. Thus, every time that the ion crosses the
gap when the inter-dee voltage is at its peak, its kinetic energy is increased by 100 keV
if itis a singly charged ion, such as a proton, and its radius of curvature increases to
accommodate the increased energy. In a single complete revolution, the ion crosses
the gap twice, and its energy is increased by 200 keV (if the voltage across the dees
is 100 kV and if the ion crosses the gap at the peak voltage). If the ion is a singly
charged deuteron, it will gain 200 keV per revolution, and a doubly charged helium
nucleus will gain 400 keV per revolution. Ions that reach the edge of the dee at other
times in the sinusoidal voltage cycle will receive smaller increases in kinetic energy
per gap crossing and, thus, will make more revolutions before they reach the outer
edge of the dees. As the ion’s energy increases, its radius increases, and the ions
spiral outward. An electrical deflector at the outermost radius deflects the ions to
form a pulse of high-energy protons, deuterons, or whatever other heavier ions were
accelerated.

The maximum energy attainable in a cyclotron is limited by the relativistic increase
in mass as the particle’s energy increases. The operation of the cyclotron as described
above, and shown by Eq. (4.61), is based on a constant mass of the accelerated particle
and the fact thatit takes the same time to travel in a semicircle of large radius asin one
of a small radius. If the mass increases, the time to complete a semicircular path will
fall out of synchronization with the frequency of the inter-dee voltage. For protons,
this upper limit is about 25 MeV. Because of this upper energy limit, cyclotrons
are not commonly used in high-energy physics research. Their principal use is as
radiation sources, especially for the manufacture of short-lived radionuclides, such
as 110-minute '®F, which is widely used in PET (positron emission tomography) scans
for medical diagnostic studies.

When the velocity vector of the injected ion is perpendicular to the magnetic
field, the ion will follow a circular path at a radius where the magnetic force tending
to bend the ion’s path into a circle is equal to the centrifugal force acting on the
ion:

va

Bgv= —, (4.61a)

r

mu
r=— (4.61b)
Bq
where
B = magnetic field strength, tesla
g = charge on ion, coulomb
v = velocity of the ion, meters per second
m = mass of the ion, kilogram
r = radius of curvature, meters
The time to travel the semicircular path within the dee is
distance  mr
= = —. (4.62)

velocity v
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Substituting the value of r from Eq. (4.61b) into Eq. (4.62) gives
Tm
t=—,
Bq

which shows that the time to travel a circular path within the dee is independent of
the radius. For the nonrelativistic case, the kinetic energy of the particle is given,
according to Eq. (2.5), by

(4.63)

va

Ey=——.
KT
Substituting the expression for v* from Eq. (4.61a) into Eq. (2.5) gives the kinetic
energy of the particle after traversing a radius 7:
BQTQ 2
By = w_ (4.64)
2m

i .
\é@' EXAMPLE 4.13

Deuterons, mass = 3.344 x 10727 kg, are accelerated in a cyclotron whose magnetic
field is 1.2 T, and the effective dee radius is 21.25 in. (0.54 m). What is the

(a) kinetic energy of the deuterons in the cyclotron’s exit beam?

(b) speed of these deuterons?

Solution

Substituting the appropriate values into Eq. (4.64), we have

(12T x 0.54 m x 1.6 x 1079 C)°

(@) Eyx = =1.61 x 1072
‘ 2 x 3.344 x 102 kg J
1.61 x 10712 ]
Ex = 7= 10 MeV.

1.6 x 10718 21—

MeV
2
muo
(b) Ly = N

2x1.61 x1071%] v m
v = ' = =31x107 —.
3.344 x 107%" kg s

The speed of the 10-MeV deuteron is 10.3% of the speed of light. This speed is
considered to be the threshold for relativistic effects to become important.
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SUMMARY

Radioactivity is a spontaneously occurring transformation in an unstable nucleus in
which radiation is emitted and the nucleus is changed into another element. These
transformations are accomplished through the emission of alpha or beta particles,
positrons, or by orbital electron capture. Each of these reactions may or may not be
accompanied by a gamma ray. Alpha particles are highly energetic *He nuclei, while
beta particles and positrons are highly energetic electrons. Negatrons (negatively
charged beta particles) are stable negatively charged electrons, while positrons are
unstable positively charged electrons. When a positron loses its kinetic energy and
collides with a negatively charged electron, the two electrons are annihilated and
two 0.51-MeV photons (0.51 MeV is the energy equivalent of the rest mass of the
positron and of the electron) appear in their stead.

All radionuclides are uniquely identified by three characteristics—the type of
radiation, the energy of the radiation, and the rate at which the spontaneous trans-
formations occur. The rate is measured in terms of the fraction of the radioisotope
that is transformed per unit time. A convenient analog for this measure is the half-
life, which is defined as the time required for one-half the number of radioactive atoms to be
transformed. During the next half-life interval, one-half of the remaining atoms are
transformed to leave one-fourth of the initial activity, then another half of this activity
is transformed during the next half-life period, and so on. Nothing can be done to a
radionuclide to change these radioactive characteristics. The characteristics remain
the same regardless of the physical state or the chemical compound in which the
radioactive atoms exist.

The quantity of radioactivity is measured by the becquerel (Bq) in the SI system
and by the curie (Ci) in the traditional system of radiation units. The curie originally
was defined as the activity of 1 g of ?*Ra, in which 8.7 x 10'* atoms are transformed
to ?*?Rn in 1 second. One becquerel is defined as the quantity of radioactivity in which
one atom is transformed per second. Thus, 1 Giis 3.7 x 10! Bq. The concentration
of radioactivity is measured by the specific activity, in terms of Bq or Ci per unit mass
or per unit volume. The highest specific activity attainable for any radionuclide is
the specific activity of the carrier-free radioisotope, that is, the radioisotope alone,
with no other isotope of that element or any other chemical species present.

A number of different radionuclides undergo serial transformations. When this
happens in the case of a very long lived parent and a short-lived daughter, an equilib-
rium condition called secular equilibrium develops after about 6-7 daughter half-lives.
When secular equilibrium is reached, the activity of the daughter is equal to the ac-
tivity of the parent. In those cases in which the half-life of the daughter is less than
that of the parent, a condition known as transient equilibrium develops. In transient
equilibrium, the daughter activity exceeds that of the parent by an amount that is
determined by the ratio of their half-lives. If the daughter is longer lived than the
parent, then no equilibrium condition can be attained.

We find three different series of naturally occurring radioisotopes in the ground:
the thorium series, which starts with 2°2Th; the uranium series, which starts with
2387; and the actinium series, which starts with 2*U. All three series begin with a
very long lived ancestor; they all end as isotopes of lead and they all have an isotope
of the gaseous element radon in the middle of the series. Radon gas that originates
in soil near the surface has enough time to diffuse out of the ground into the air
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before it is transformed into a nongaseous element. Subsequent transformations in
the series take place in the air. Thus, radon and its progeny are the principal source
of naturally occurring atmospheric radioactivity. In addition to the radionuclides
in these series, there are singly occurring natural radionuclides. Chief among the
singly occurring radionuclides is 4K, whose half-life is about 1.3 x 10° years and
which was created when the world was created. Carbon-14 and tritium, *H, are two
other radionuclides of interest. Their half-lives are very short in a geological context
and they are continuously replenished by the interaction between cosmic radiation
and the atmosphere.

X-rays, or bremsstrahlung radiation, are produced whenever high-energy, charged
particles are abruptly stopped. This phenomenon is the basis for the conventional X-
ray machines that are used in medical diagnosis, in industry, and in science. Because
of the energy limitation of conventional X-ray tubes, X-rays whose energy is greater
than about 200 keV are generated in linear accelerators. Electrons can be accelerated
to hundreds of MeV before they are either caused to strike a targetin order to convert
some of the electron beam’s energy into X-rays, or the electron beam is extracted
for electron irradiation. Linear accelerators from about 6 MeV to about 18 MeV are
widely used in hospitals to treat deep-seated cancers.

Cyclotrons are used to accelerate heavy ions, such as protons, deuterons, and
alpha particles (*He nuclei), to a velocity that is about 10% of the speed of light.
Cyclotrons today are used mainly for the production of shortlived radionuclides for
medical uses.

[i4q PROBLEMS

4.1. Carbon 14 is a pure beta emitter that decays to *N. If the exact atomic masses
of the parent and daughter are 14.007687 and 14.007520 atomic mass units,
respectively, calculate the kinetic energy of the most energetic beta particle.

4.2. If 1.0 MBq (27 mCi) of '*'I is needed for a diagnostic test, and if 3 days elapse
between shipment of the radioiodine and its use in the test, how many Bq must
be shipped? To how many mCi does this correspond?

4.3. The gamma radiation from 1 mL of a solution containing 370-Bq (0.01-xCi)
198 Au and 185-Bq (0.005-1.Ci) 1317 is counted daily over a 16-day period. If the
detection efficiency of the scintillation counter is 10% for all the quantum en-
ergies involved, what will be the relative counting rates of the *!'T and %Au at
time ¢ = 0, ¢ = 3 days, ¢ = 8 days, and ¢ = 16 days? Plot the daily total counting
rates on semilog paper and write the equation of the curve of total count rate
versus time.

4.4. The following counting rates were obtained on a sample that was identified as a
pure beta emitter:

Day 0 1 2 3 5 10 20

cpm 5500 5240 5000 4750 4320 3400 2050
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4.5.

4.6.

4.7.

4.8.
4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

(a) Plot the data on semilog paper.

(b) Determine the half-life from the graph.

(c) Whatis the value of the transformation constant (in per day)?
(d) Write the equation for the decay curve.

(e) Whatis the radionuclide in the sample?

If we start with 5 mg of 210ph what would be the activity of this sample 10-years
later?

The decay constant for 2°U is 9.72 x 107! yr~!. Compute the number of trans-
formations per second in a 500 mg sample of 235U,

Two hundred megabecquerels (5.4 mCi) of 21°Po are necessary for a certain
ionization source. How many grams of 2!°Po does this represent?

How long would it take for 99.9% of '¥’Cs to decay, if its half-ife is 30 years?
How long will it take for each of the following radioisotopes to decrease to
0.0001% of its initial activity?

(a) “Mo

(b) #™Tc

(C) 1311

(d) 1251

For use in carcinogenesis studies, benzo(a)pyrene is tagged with *H to a spe-
cific activity of 4 x 10'! Bq/mmol. If there is only one *H atom on a tagged

molecule, what percentage of the benzo(a)pyrene molecules is tagged with
SH?

How many alpha particles are emitted per minute by 1 cm® of **?Rn at a tem-
perature of 27°C and a pressure of 100,000 Pa?

Calculate the number of beta particles emitted per minute by 1 kg of KCI if *°K
emits one beta particle per transformation.

Iodine-125, a widely used isotope in the practice of nuclear medicine, has a

half-life of 60 days.

(a) How long will it take for 4 MBq (~1 uCi) to decrease to 0.1% of its initial
activity?

(b) What is the mean life of '?°I?

If uranium ore contains 10% U3Og, how many metric tons are necessary to

produce 1 g of radium if the extraction process is 90% efficient?

How much #**U is there in 1 metric ton of the uranium ore containing 10%

U3Og?

Compare the activity of the 2*U to that of the ?°U and the ?*®U in the ore of

problems 4.14 and 4.15.

Calculate the activity, in becquerels and microcuries, of each of the uranium

isotopes in 1 g of natural uranium and then using these results, together with

the values for the isotopic abundances, calculate the activity of 1 g of natural
uranium.
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4.18. What will be the temperature rise after 24 hours in a well-insulated 100-mL
aqueous solution containing 1 g of Nay(**SOy), if the specific activity of the
sulfur is 3.7 x 1012 Bq/g (100 Ci/g)?

4.19. The mean concentration of potassium in crustal rocks is 27 g/kg. If 40K consti-
tutes 0.012% of potassium, what is the ’K activity, in Bq and xCi, in 1 metric ton
of rock?

4.20. An aqueous solution of 203Hg is received with the following assay: 1 MBq/mL
on March 1, 2005, at 8:00 aM. It is desired to make a solution whose activity will
be 0.1 MBq/mL on April 1, 2005, at 8:00 aM. Calculate the dilution factor (mL
water:mL Hg stock solution) to give the desired activity. T o of ***Hg = 46 days.

4.21. In a mixture of two radioisotopes, 99% of the activity is due to 24Na and 1% is
due to 32P. At what subsequent time will the two activities be equal?

4.22. Low-level waste from a biomedical laboratory consists of a mixture of 100-mCi
(3.7-MBq) "*'T and 10-mCi (0.37-MBq) '®I. Plot the decay curve for the to-
tal activity over a period of 365 days and write the equation for the decay
curve.

4.23. ThB is transformed to ThC at a rate of 6.54% per hour, and ThC is transformed
atarate of 1.15% per minute. How long will it take for the two isotopes to reach
their equilibrium state?

4.24. How many grams of *’Y are there when Y is equilibrated with 10 mg of *Sr?

4.25. Radiogenic lead constitutes 98.5% of the element as found in lead ore. The iso-
topic constitution of lead in nature is 2°*Pb, 1.5%; 2°°Pb, 23.6%; 207pp, 99.6%; and
208ph, 52.3%. How much uranium and thorium decayed completely to produce
985 mg of radiogenic lead?

4.26. How long after 1 kg of ! Pu is isolated will the ** Am activity be at its maximum?
What will the activity be at that time?

4.27. How long after 14-minute *°Ce is isolated will the activity of the 24-minute *°Pr
daughter be equal to that of the parent?

4.28. 37-MBq (1-mCi) *™Tc are “milked” from a *Mo “cow.” What will be the activity
of the %™ Tc daughter, ®Tc, 1 year after the milking?

4.29. Calculate the specific activity of 5Kr (7i2 = 10.7 years) in Bq/m® and
mCi/cm?® at 25°C and 760 mm Hg.

4.30. Calculate the specific power of S and of *C in
(a) watts per MBq.
(b) watts per kilogram.
4.31. Calculate the specific power of a ?’Sr power source in
(a) watts per MBq.
(b) watts per kilogram.

4.32. How many joules of energy are released in 3 hours by an initial volume of 1-L
HAr at 0°C and 760 mm Hg?

4.33. (a) Calculate the specific power, in watts per kilogram, of HAr,
(b) Whatis the specific power of *! Ar 4 hours after the *' Arisisolated in a bottle?
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4.34.

4.35.

4.36.

4.37.

4.38.

4.39.

4.40.

4.41.

4.42.

What volume of radon 222 (at 0°C and 760 torr) is in equilibrium with 0.1 g of
radium 226?

One hundred milligrams of radium as RaBry (specific gravity = 5.79) is in a
platinum capsule whose inside dimensions are 2 mm (diameter) x 4cm (length).
What will be the gas pressure, at body temperature, inside the capsule 100 years
after manufacture if it originally contained air at atmospheric pressure at room
temperature (25°C)?

A volume of 10 cm?® of tritium gas, 3H2, at NTP dissipates 3.11 J/h.
(a) What is the activity of the tritium?

(b) What is the mean beta energy if one beta particle is emitted per transi-
tion?

Barium-140 decays to 1401 2 with a halflife of 12.8 days, and the 1401 5 decays

to stable '*°Ce with a halflife of 40.5 hours. A radiochemist, after precipitating

140Ba, wishes to wait until he has a maximum amount of *°La before separating
the 'La from the *°Ba.

(a) How long must he wait?

(b) If he started with 1000 MBq (27 mCi) of *°Ba, how many micrograms of
10La will he collect?

Strontium-90 is to be used as a heat source for generating electrical energy in a
satellite.

(a) How much of *°Sr activity is required to generate 50 W of electric power if
the conversion efficiency from heat to electricity is 30%?

(b) Weight of the isotopic heat source is an important factor in design of the
power source. If weight is to be kept at a minimum and if the source is to
generate 50 W after 1 year of operation, would there be an advantage to
using 21Po?

Carbon-14 is produced naturally by the N (n, p)!*C interaction of cosmic radi-

ation with the nitrogen in the atmosphere at a rate of about 1.4 x 1015 Bq/yr. If

the halflife of 1*C is 5730 years, what is the steady-state global inventory of *C?

The global steady-state inventory of naturally produced tritium from the interac-
tion of cosmic rays with the atmosphere is estimated by the United Nations Sci-
entific Committee on the Effects of Atomic Radiation to be 1.26 x 10'8 Bq (34 x
10° Gi). If the half-ife of tritium is 12.3 years, what is the annual production of
natural tritium?

The atomic ratio of 2°U to U in current uranium is 1:139. What was the
ratio of these two isotopes when the Oklo reactor went critical 1.7 billion years
ago?

Highly enriched uranium (HEU) contains 1.5% U-4, 93.5% U-5, and 5.0% U-8
(percentages are by weight). Calculate

(a) the activity of each uranium isotope in 1-g HEU in Bq and in Ci.

(b) the total activity of 1 g of this enriched uranium, in Bq and in Ci.
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4.43. 100-mCi 2'°Pb is sealed in a capsule. (210Pp, T2 = 22 years, decays to 210pg,
whose Ti/2 = 138 days).

(a) What will be the activity of the 210pPh (in mCi) after 10 years?

(b) What will be the activity of the 210pg at that time?

(c) Whatis the weight (grams) of the 10-year-old 210pp>?

(d) Whatis the weight of the 210pg
(i) at the time that the ?!°Pb source was sealed?
(ii) after 10 years?

4.44. What is the

(a) half-life

(b) mean life (in minutes) of a radioisotope whose instantaneous decay rate is
10% per minute?

4.45. Today’s terrestrial background radiation is about 50 mrems/yr, mainly due to the
uranium and thorium decay chains, and potassium. The approximate current
contributions of each of these is 2*2Th: 11 mrems/yr, 23817 26 mrems/vr, K.
11 mrems/yr.

The earliest evidence of life on earth consists of unicellular organisms about
3.5 billion years old.

(a) What is the half-life of each of these three radioisotopes?

(b) What was the terrestrial background radiation rate when life began 3.5 bil-
lion years ago from these three isotopes?

4.46. Potassium constitutes 3.4% by weight of granite. Potassium-40 constitutes 0.012%
by weight of natural potassium. The half-life of K is 1.3 x 10° years.

(a) Calculate the specific activity of *’K in
i) Ci/g
(ii) Bq/g
(b) Calculate the *°K activity of 1-kg granite in
(i) Ci
(i) Bq
4.47. The Environmental Protection Agency’s recommended limit for indoor 222Rn
in air is 4 pCi/L. Calculate the
(a) specific activity of ?*?Rn (in Ci/g).
(b) weight of 4-pCi ?*’Rn in 1 L at 25°C and 760 mm Hg.
(c) quantity (in moles) of the Rn gasin 1 L.

(d) number of moles of air in 1 L, assuming the air to be a gas whose atomic
weightis 0.2 x 16 + 0.8 x 14.
(e) volumetric percent of 4-pCi **?Rn in 1-L air at 25°C and 760 mm Hg.
4.48. The ratio of 2°°Pb atoms to #**U atoms in a sample of pre-Cambrian rock is

found to be 0.12. Assuming that all the 2°°Pb atoms are the descendents of *8U,
calculate the age of the rock.
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4.49.

4.50.

A sealed capsule contains 5550-MBq (150-mCi) ??Rn (7; 2 = 3.8 days).

(a) Whatis the Rn activity 38 days later?

(b) How many Rn atoms have decayed?

(c) How many moles of He have been produced from alphas during 38 days?
(d) What is the volume, at 25°C and 760 mm Hg, of the helium (in mm?)?

The Windmill Hill Neolithic village in England was dated by traditional archeo-
logical methods to 4300 BCE. If this is correct, how many dpm/g carbon from an
artifact there would be expected in a '*C dating? The specific activity of current
carbon is 15.3 dpm/g carbon.

4.51. The halflife of %S is 87 days. How many micrograms of **S will there be from
1-Ci (8.7 x 101° Bq) %S after 1 year?

4.52. The concentration of a “™Tc radiopharmaceutical is 50 mCi in 20 mL at
7:00 aM. A patient is scheduled to receive 10 mCi (370 MBq) at 10:00 am. What
is the volume of the *"Tc injectate?
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INTERACTION OF
RADIATION WITH
MATTER

In order for health physicists to understand the physical basis for radiation dosime-
try and the theory of radiation shielding, they must understand the mechanisms
by which the various radiations interact with matter. In most instances, these inter-
actions involve a transfer of energy from the radiation to the matter with which it
interacts. Matter consists of atomic nuclei and extranuclear electrons. Radiation may
interact with either or both of these constituents of matter. The probability of occur-
rence of any particular category of interaction, and hence the penetrating power of
the several radiations, depends on the type and energy of the radiation as well as on
the nature of the absorbing medium. In all instances, excitation and ionization of
the absorber atoms result from their interaction with the radiation. Ultimately, the
energy thatis transferred either to a tissue or to aradiation shield is dissipated as heat.

BETA PARTICLES (BETA RAYS)

Range—Energy Relationship

The attenuation of beta particles (beta rays is used synonymously with beta particles)
by any given absorber may be measured by interposing successively thicker absorbers
between a beta source and a suitable beta detector, such as a Geiger—-Muller counter
(Fig. 5-1), and counting the beta particles that penetrate the absorbers. When this
is done with a pure beta emitter, it is found that the beta-particle counting rate de-
creases rapidly at first, and then, as the absorber thickness increases, it decreases
slowly. Eventually, a thickness of absorber is reached that stops all the beta particles;
the Geiger counter then registers only background counts due to environmental
radiation. If semilog paper is used to plot the data and the counting rate is plot-
ted on the logarithmic axis while absorber thickness is plotted on the linear axis,
the data approximate a straight line, as shown in Figure 5-2. (Please note that the
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Figure 5-1. Experimental arrangement for absorption measurements on beta particles.
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approximation of exponential beta absorption is a fortuitous consequence of the
shape of the beta-energy-distribution curve; beta and electron absorption do not
follow first-order kinetics and hence are not truly exponential functions.) The end
point in the absorption curve, where no further decrease in the counting rate is
observed, is called the range of the beta in the material of which the absorbers are
made. As a rough rule of thumb, a useful relationship is that the absorber half-
thickness (that thickness of absorber which stops one-half of the beta particles) is
about one-eighth the range of the beta. Since the maximum beta energies for the
various isotopes are known, by measuring the beta ranges in different absorbers, the
systematic relationship between range and energy shown in Figure 5-3 is established.
Inspection of Figure 5-3 shows that the required thickness of absorber for any given
beta energy decreases as the density of the absorber increases. Detailed analyses of
experimental data show that the ability to absorb energy from beta particles depends
mainly on the number of absorbing electrons in the path of the beta—that is, on
the areal density (electrons/cm?) of electrons in the absorber, and, to a much lesser
degree, on the atomic number of the absorber. For practical purposes, therefore,
in the calculation of shielding thickness against beta particles, the effect of atomic
number is neglected. (It should be pointed out that, for reasons to be given later,
beta shields are almost always made from low-atomic-numbered materials.) Areal
density of electrons is approximately proportional to the product of the density of
the absorber material and the linear thickness of the absorber, thus giving rise to
the unit of thickness called the density thickness. Mathematically, density thickness /4
is defined as

lq g/ch = ,og/cm3 X [ cm. (5.1)

The units of density and thickness in Eq. (5.1), of course, need not be grams and
centimeters; they may be any consistent set of units. Use of the density thickness
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Figure 5-2. Absorption curve (aluminum absorbers) of ?'°Bi beta particles, 1.17 MeV. The broken line
represents the mean background count rate.

unit, such as g/cm? or mg/cm? for absorber materials, makes it possible to specify
such absorbers independently of the absorber material. For example, the density of
aluminum is 2.7 g/cmg. From Eq. (5.1), a 1-cm-thick sheet of aluminum, therefore,
has a density thickness of

Iq =2.7i% X 1cm=2.7i2.

cmr cm
If a sheet of Plexiglas whose density is 1.18 g/cm?® is to have a beta absorbing
quality very nearly equal to that of the l-cm-thick sheet of aluminum—that is,
2.7 g/ch—its linear thickness is found, from Eq. (5.1), to be

g B RTRO gy
p 18g/em® '

Another practical advantage of using this system of thickness measurement is that it
allows the addition of thicknesses of different materials in a radiologically meaningful
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way. The quantitative relationship between beta energy and range is given by the
following experimentally determined empirical equations:

E = 1.92R"7 R <0.3g/cm? (5.2)

R=0.407E"% E < 0.8MeV (5.3)

E =185R+0.245 R>0.3g/cm” (5.4)

R=0.542E —0.133 E > 0.8MeV (5.5)
where

R = range, g/ch and
E = maximum beta energy, MeV.

An experimentally determined curve of beta range (in units of density thickness
expressed as mg/cm?) versus energy is given in Figure 5-4.
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6] -
\é@' EXAMPLE 5.1

What must be the minimum thickness of a shield made of (a) Plexiglas and
(b) aluminum in order that no beta particles from a “’Sr source pass through?

Solution

Strontium-90 emits a 0.54-MeV beta particle. However, its daughter, 0Y emits a
beta particle whose maximum energy is 2.27 MeV. Since Y beta particles always
accompany *’Sr beta particles, the shield must be thick enough to stop these more-
energetic betas. If we substitute 2.27 MeV for E in Eq. (5.5), we find the range of
the betas:

R = (0.542 x 2.27) — 0.133 = 1.1 g/cm?.

Alternatively, from Figure 5-4, the range of a 2.27-MeV beta particle is found to be
1.1 g/cm?. The density of Plexiglas is 1.18 g/cm®. From Eq. (5.1), the required
thickness is found to be

l 1.1 2
p 1.18g/cm
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Plexiglas may suffer radiation damage and crack if exposed to very intense radiation
for a long period of time. Under these conditions, aluminum is a better choice
for a shield. Since the density of aluminum is 2.7 g/cm?, the required thickness of

aluminum is found to be 0.41 cm.

The range—energy relationship may be used by the health physicist as an aid in
identifying an unknown beta-emitting contaminant. This is done by measuring the
range of the beta radiation, calculating the beta particle’s energy, and then using
published values of beta energies from the various nuclides to find the radionuclide

whose beta energy matches the calculated value.

6 .
\%&@' EXAMPLE 5.2

Using the counting setup shown in Figure 5-5, beta radiation from an unidentified
radionuclide was stopped by a 0.111-mm-thick aluminum absorber. No measurable
decrease of the radioactivity in the sample was observed during a period of 1 month
and no other radiation was emitted from the sample.

(a) What was the energy of the beta particle?
(b) What is the isotope?

Solution
The total range of the beta particle is given as:
mg . .
Range = 1.7 o2 Mica + I cmair 4 0.111 mm Al

These different absorbing media may be added together if their thicknesses are
expressed as density thickness. The density of air is 1.293 mg/cm?® at standard
temperature and pressure (STP). With Eq. (5.1), the density thicknesses of the air

Counter window:
17 mgem™ mica

Geiger counter —-{_ OA.?:?;?: Al Scaler

[ ————
—Tl1cm air

\— Beta emitter

Figure 5-5. Measuring the range of an unknown beta particle to identify the radioisotope.
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and aluminum are computed and the range of the unknown beta particle is found
to be:

Range = 1.7 mg/ch +1.29 mg/cm2 + 30 mg/cm2 = 32.99 mg/ch

In Figure 5-4, the energy corresponding to this range is seen to be about 0.17 MeV.
The unknown radionuclide is therefore likely to be '*C, a pure beta emitter whose
maximum beta energy is 0.155 MeV and whose half-life is about 5700 years.

Mechanisms of Energy Loss

Ionization and Excitation

Interaction between the electric fields of a beta particle and the orbital electrons
of the absorbing medium leads to electronic excitation and ionization. Such inter-
actions are inelastic collisions, analogous to that described in Example 2.13. The
electron is held in the atom by electrical forces, and energy is lost by the beta par-
ticle in overcoming these forces. Since electrical forces act over long distances, the
“collision” between a beta particle and an electron occurs without the two particles
coming into actual contact—as is also the case of the collision between like poles of
two magnets. The amount of energy lost by the beta particle depends on its distance
of approach to the electron and on its kinetic energy. If ¢ is the ionization potential
of the absorbing medium and E; is the energy lost by the beta particle during the
collision, the kinetic energy of the ejected electron FEy is

Ey = E —¢. (5.6)

In some ionizing collisions, only one ion pair is produced. In other cases, the ejected
electron may have sufficient kinetic energy to produce a small cluster of several
ionizations; and in a small proportion of the collisions, the ejected electron may
receive a considerable amount of energy, enough to cause it to travel a long distance
and to leave a trail of ionizations. Such an electron, whose kinetic energy may be on
the order of 1000 eV (1 keV), is called a delta ray.

Beta particles have the same mass as orbital electrons and hence are easily de-
flected during collisions. For this reason, beta particles follow tortuous paths as they
pass through absorbing media. Figure 5-6 shows the path of a beta particle through
a photographic emulsion. The ionizing events expose the film at the points of ion-
ization, thereby making them visible after development of the film.

By using a cloud chamber or film to visualize the ionizing events and by counting
the actual number of ionizations due to a single primary ionizing particle of known
energy, it was learned that the average energy expended in the production of an ion
pair is about two to three times greater than the ionization potential. The difference
between the energy expended in ionizing collisions and the total energy lost by
the ionizing particle is attributed to electronic excitation. For oxygen and nitrogen,
for example, the ionization potentials are 13.6 and 14.5 €V, respectively, while the
average energy expenditure per ion pair in air is 34 eV. Table 5-1 shows the ionization
potential and mean energy expenditure (w) for several gases of practical importance.
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Figure 5-6. Electron tracks in photographic emulsion. The tortuous lines are the electron tracks;
the heavy line in the lower half was made by an oxygen nucleus from primary cosmic radiation.
(Reproduced with permission from Yagoda H. The tracks of nuclear particles. Scientific American, May
1956:40-47.)

Specific Ionization. The linear rate of energy loss of a beta particle due to ionization
and excitation, which is an important parameter in health physics instrument design
and in the biological effects of radiation, is usually expressed by the specific ionization.
Specific ionization is the number of ion pairs formed per unit distance traveled by the
beta particle. Generally, the specific ionization is relatively high for low-energy betas;

TABLE 5-1. Average Energy Lost by a Beta Particle in the Production of an lon Pair

IONIZATION MEAN ENERGY EXPENDITURE
GAS POTENTIAL (eV) PER ION PAIR (eV)
H> 13.6 36.6
He 24.5 41.5
N2 14.5 34.6
(@) 13.6 30.8
Ne 21.5 36.2
A 15.7 26.2
Kr 14.0 24.3
Xe 12.1 21.9
Air 33.7
COy 14.4 32.9
CHq4 14.5 27.3
CGH 11.6 25.7
CoHg 12.2 26.3

CoHe 12.8 24.6
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Figure 5-7. Relationship between particle energy and specific ionization of air.

it decreases rapidly as the beta-particle energy increases, until a broad minimum is
reached ataround 1-3 MeV. Further increase in beta energy results in a slow increase
of specific ionization, as shown in Figure 5-7.

The linear rate of energy loss due to excitation and ionization may be calculated
from the equation

) (5.7)

dE _ 2mg'NZx (3 x 100" [ [ EwEp® o [ MeV
_— n — [
dx Enp2(1.6 x 1076)2 12 (1-p8?) cm

where

q = charge on the electron, 1.6 x 10719 C,
N = number of absorber atoms per cm?,
Z = atomic number of the absorber,
NZ = number of absorber electrons per cm® = 3.88 x 10% for air at 0° and
76 cm Hg,
E,, = energy equivalent of electron mass, 0.51 MeV,
Ey = kinetic energy of the beta particle (MeV),
B = speed of the ionizing particle/speed of light = v/c,
I = mean ionization and excitation potential of absorbing atoms (MeV), and
I = 8.6 x 107° for air; for other substances, I = 1.35 x 107 Z.

If the mean energy, w, expended in the creation of an ion pair (ip) is known, then
the specific ionization may be calculated from the equation below:

de
i =— eV/cm
ST, 1P = dx— (5.8)
cm w eV/ip
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6 .
\é@' EXAMPLE 5.3

What is the specific ionization resulting from the passage of a 0.1-MeV beta particle
through standard air?

Solution

B2 is found from Eq. (2.20):

1
Ex = myc? | — — 1
R IG5
0.1 =0.51 ;‘—
V(1 =82
B% = 0.3010.

Substituting the respective values into Eq. (5.7), we have

dE  27(1.6 x 10719)* x 3.88 x 10% x (3 x 10°)*
dx 0.51 x 0.3010 x (1.6 x 10-6)2

051 x 0.1 x 0.301 M

. X 0108010 ] _ o0 | MeV
(8.6 x 10-5)% (1 — 0.3010) cm

dE M

AE _ 475 < 103 MV,

dx cm

For air, w = 34 eV/ip. The average specific ionization, therefore, from Eq. (5.8), is

_ 4750 eV/cm

SI = — 140 ip/cm.
34 eV/cm ip/em

Itis very important to note that Eq. (5.7) shows that the rate of energy loss due to ex-
citation and ionization increases rapidly with decreasing velocity and with increasing
charge.

Very often, the unit of length used in expressing rate of energy loss is den-

sity thickness, that is, in units of This is called the mass stopping power; it

g/cm?’
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is defined as the ratio of the linear stopping power to the density of the stopping
medium:

dE/d
g = dE/dx (5.9)
P
Since the density of standard air is 1.293 x 1073 g/cmg, the mass rate of energy loss,

or the mass stopping power, in Example 5.3 is given as

475 x 1073 MeV/cm MeV

1.293 x 103 g/cm® ~ ~ " g/cm?’

Linear Energy Transfer. The term specific ionization is used when attention is focused
on the energy lost by the radiation. When attention is focused on the absorbing
medium, as is the case in radiobiology and radiation effects, we are interested in
the linear rate of energy absorption by the absorbing medium as the ionizing par-
ticle traverses the medium. As a measure of the rate of energy absorption, we use
the linear energy transfer (LET), which is defined by the equation:

LET = —=, (5.10)
d/

where d Iy, is the average energy locally transferred to the absorbing medium by a
charged particle of specified energy in traversing a distance of d/. In health physics
and radiobiology, LET is usually expressed in units of kilo electron volts per micron
(keV/pm). As used in the definition above, the term “locally transferred” may refer
either to a maximum distance from the track of the ionizing particle or to a maxi-
mum value of discrete energy loss by the particle beyond which losses are no longer
considered local. In either case, LET refers to energy transferred to a limited volume
of absorber.

Relative Mass Stopping Power. The relative mass stopping power is used to compare
quantitatively the energy absorptive power of different media. It will be shown later
that the mass stopping power of different absorbers relative to that of air is important
in the practice of health physics. Relative mass stopping power, p,, is defined by

Smedium

Sair

Pm = (5.11)

\%@

EXAMPLE 5.4

What is the relative (to air) mass stopping power of graphite, density = 2.25 g/cm?,
for a 0.1-MeV beta particle?

Solution

The mass rate of energy loss in graphite is found by first finding the mean rate
of linear energy loss with Eq. (5.7), and then using Eq. (5.9) to calculate the energy
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loss per unit mass. The values for NZand for / (the mean ionization and excitation
potential of the absorbing atoms) are calculated, as well as the appropriate values
for the other factors, and substituted into Egs. (5.7) and (5.9):

6.02 x 1023 atoms % 9.95 g < 6 M
NzZ= cm? atom
-
mol

= 6.77 x 10*® electrons/cm®,

I=135x10"°x6=28.1x10"°MeV.

Substituting these values, together with the other appropriate values into Eq. (5.7),
we have

dE  27(1.6 x 10719)* x 6.77 x 10% x (3 x 10%)*
dx 0.51 x 0.8010 x (1.6 x 10-6)2

.51 d .301 M
x{1n|: 0.51 x 0.1 x 0.3010 ]_0.3010} eV

(8.1 x 10-5)2 (1 — 0.3010) om
dE M
dB _ g g3 MV
dx cm

The mass stopping power of graphite for a 0.1-MeV beta particle (or a 0.1-MeV
electron) is calculated with Eq. (5.9):

de
R r 8.33 MeV/cm _ MeV
S (graphite) = b T 295 g/om’ g/em® 00 rem?

For air, the mass stopping power for 0.1-MeV beta particles is 3.67 MeV/g/cm?. From
Eq. (5.10), the relative mass stopping power of graphite for a 0.1-MeV electron is

MeV
Smedium 3.70 g/cm?
Om = = = 1.01.
Sair 3.67 MeV.
g/cm?
Bremsstrahlung

Bremsstrahlung, which is the German word meaning braking radiation, consists of
X-rays that are produced when high-velocity charged particles undergo a rapid
change in velocity, that is, when they are very rapidly accelerated. Since velocity
is a vector quantity that includes both speed and direction, a change in direction,
even if the speed should remain unchanged, is a change in velocity. When a beta
particle or an electron passes close to a nucleus, the strong attractive coulomb force
causes the beta particle to deviate sharply from its original path. This change in
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TABLE 5-2. Bremsstrahlung Spectrum from Beta Radiation

X-RAY ENERGY INTERVALS % TOTAL PHOTON INTENSITY
IN FRACTIONS OF E,,(B) IN ENERGY INTERVAL
0.0-0.1 43.5
0.1-0.2 25.8
0.2-0.3 15.2
0.3-0.4 8.3
0.4-0.5 4.3
0.5-0.6 2.0
0.6-0.7 0.7
0.7-0.8 0.2
0.8-0.9 0.03
0.9-1.0 <0.01

direction is a radial acceleration and the beta particle, in accordance with Maxwell’s
classical theory, loses energy by electromagnetic radiation at a rate proportional to
the square of the acceleration. (Radiation emitted by electrons that are undergo-
ing radial acceleration when caused to travel in a circular path by a magnetic field
in an accelerator is called synchrotron radiation.) Electrons or betas are decelerated
at various rates in their interaction with matter. Bremsstrahlung photons (x-rays),
therefore, have a continuous energy distribution that ranges downward from a the-
oretical maximum equal to the kinetic energy of the most energetic beta particle.
The energy distribution of the bremsstrahlung photons from a beta source is very
heavily skewed toward the low energy relative to the maximum energy of the betas,
as shown in Table 5-2. This occurs for two reasons: First, the proportion of betas near
the maximum energy is very small, that is, most of the betas are found in the lower
half of the beta spectrum (Fig. 4-4), and second, most of the betas are decelerated
by a series of collisions in which small amounts of energy are lost, rather than in one
or two large energy-loss collisions before being stopped.

Itis important for users of radionuclides to know that bremsstrahlung X-rays are
not a property of beta-emitting isotopes and hence are not shown in decay schemes.
The X-rays are a result of the interaction of the betas with surrounding matter, such
as its container or a shield. For example, the bremsstrahlung dose rate at a distance
of 10 cm from an aqueous solution of 4000 MBq (~100 mCi) *P in a 25-mL volu-
metric flask is about 0.03 mGy/h (3 mrad/h); for 4 x 10° Bq (~100 mCGi) 8 in
a brass container, the bremsstrahlung dose rate is about 1 mGy/h (~100 mrad/h)
at a distance of 10 cm. (The mGy and the mrad will be formally introduced in the
next chapter. At this point it is sufficient to know that they are units for measuring
radiation absorbed dose.) The likelihood of bremsstrahlung production increases
with increasing beta energy and with increasing atomic number of the absorber
(Eq. [5.12]). Beta shields are therefore made with materials of the minimum prac-
ticable atomic number. In practice, beta shields of atomic number higher than 13
(aluminum) are seldom used. For purposes of estimating the bremsstrahlung haz-
ard from beta radiation, the following empirically determined relationship may be
used:

f5=385x10"* ZE,, (5.12)
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where

Js = the fraction of the incident beta energy converted into photons,
7/ = atomic number of the absorber, and
E,, = maximum energy of the beta particle (MeV).

i
\é@ EXAMPLE 5.5

A very small source (physically) of 3.7 x 10!°Bq (1Ci) of **P is inside a lead
shield just thick enough to prevent any beta particles from emerging. What is the
bremsstrahlung energy flux at a distance of 10 cm from the source (neglect attenu-
ation of the bremsstrahlung by the beta shield)?

Solution

Since Z for lead is 82 and the maximum energy of the **P beta particle is 1.71 MeV,
we have, from Eq. (5.12), the fraction of the beta energy converted into photons
(x-rays),

f=385x10"* x 82 x 1.71 = 0.049.

Since the average beta-particle energy is about one-third of the maximum energy,
the energy Iy carried by the beta particles from the 1-Ci source that is incident on
the shield is

1 EpaxMeV

Eg (MeV/s) = 5 p x 3.7 x 101° é

For health physics purposes, it is assumed that all the bremsstrahlung photons are
of the beta particle’s maximum energy, Ey,,x. The photon flux ¢ of bremsstrahlung
photons at a distance r cm from a point source of beta particles whose activity is
3.7 x 101 Bq (1 Gi) is therefore given as

PR L.
47 7r? Epax
0.049 x + x 1.71 MeV g7 1010 £ hot
- SR S —48x10° LO?S/S. (5.13)
47 x (10 cm)” x 1.71 MeV/photon cm
X-ray Production

When a beam of monoenergetic electrons that had been accelerated across a high
potential difference is abruptly decelerated by stopping the electron beam (as in the
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case of an X-ray tube, a cathode ray tube, or a klystron microwave generator), a small
fraction of the energy in the electron beam (Eq. [5.14]) is converted into X-rays.

fo=1x10"%x ZE, (5.14)

where

Je = fraction of the energy in the electron beam that is converted into X-rays,

Z = atomic number of the target in the X-ray tube or whatever the electron
beam strikes in any other device, and

E = voltage across the X-ray tube or other device (mega volts, MV). The
numerical value of the voltage E is equal to the kinetic energy of the
electron, expressed in eV, as it strikes the target. Thus, an electron that
has been accelerated across a voltage of 0.1 MV has acquired a kinetic
energy of 0.1 MeV (or 100 keV).

This is the operating principle of traditional diagnostic, industrial, and analytical
X-ray tube (Fig. 5-8). The American physicist William D. Coolidge invented this type
of X-ray tube in 1913. In 1937, Dr. Coolidge was awarded an honorary MD degree
by the University of Zurich in recognition of his many contributions of physics to
medical science. It is interesting to note that Coolidge lived to the age of 101 years,
despite his extensive experience with X-rays.

An electron beam, usually on the order of milliamperes, is generated by heating
the cathode. A voltage difference on the order of tens to hundreds of kilo volts across
the tube accelerates the electrons to form a monoenergetic beam in which the kinetic
energy of the electrons in electron volts is numerically equal to the voltage across the
tube. The high-speed electrons are stopped by a high-atomic-numbered metal target

Anode Pyrex glass Electron Filament Cathode

envelope stream
\ \

Tungsten

Focusing
target

cup

Useful —/ \
X-rays I 1\ Window

Figure 5-8. Coolidge type stationary target X-ray tube. A beam of useful X-rays is formed by the
bremsstrahlung that passes through an open port in the shielding that encloses the X-ray tube. (Figure
3-2A, p. 34 from RADIATION BIOPHYSICS, 2nd ed, by Howard Lucius Andrews. Copytight (©) 1974 by
Prentice-Hall, Inc. Reprinted by permission of Pearson Education, Inc.)
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that is embedded in the anode. Some of the kinetic energy in the electron beam is
converted into X-rays (bremsstrahlung) when the electrons are suddenly stopped.
In X-ray generators where the voltage is less than several hundred thousand volts,
the X-rays (photons) are emitted mainly at angles around 90° to the direction of the
electron beam. A hole in the protective shielding that houses the X-ray tube allows
a useful X-ray beam to emerge from the shielded tube.

The X-rays that are produced in this manner have a continuous energy distribu-
tion that approaches a maximum energy equal to the kinetic energy of the electron
that was stopped instantaneously and thus all of its kinetic energy was converted into
an X-ray photon. If an electron were to be instantaneously stopped by the target, all
of its kinetic energy would be converted into an X-ray photon. This would represent
the maximum-energy (or shortest-wavelength) photon possible with the given volt-
age across the tube. However, this maximum limit can only be approached, since
no electron can be stopped instantaneously. The fact that the electrons are slowed
down at different rates due to different ionization and excitation collisions leads
to a continuous energy distribution up to the theoretical maximum energy that is
determined only by the high voltage across the X-ray tube (Fig. 5-9). If we have a
full-wave rectified, but unfiltered AC voltage across the X-ray tube, then the voltage
varies cyclically from zero to the maximum voltage. This condition skews the X-ray

TO 1‘5 TO] 37

\MO

1.0

0.8

35k,

0.6

0.4

Relative intensity
=
\
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0.2

0.0
0.3 0.5 0.7 0.9

Wavelength (A)

Figure 5-9. X-ray spectrum from a tungsten target (W) and from a molybdenum target (Mo) bom-
barded by electrons accelerated through 35 kV. The limiting wavelength for both targets, representing
the 35-keV maximum-energy photon, is 0.3543 A. The two peaks on the Mo curve represent the Kg
(to 15) and K, (to 37). (Figure 3-4B, p. 37 from RADIATION BIOPHYSICS, 2nd ed, by Howard Lucius
Andrews. Copytight (©) 1974 by Prentice-Hall, Inc. Reprinted by permission of Pearson Education, Inc.)
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energy distribution toward the lower energies since most of the electrons are acceler-
ated across a varying voltage that is less than its peak. A highly filtered, high-voltage
power supply produces a constant high voltage across the tube, and consequently
a “harder,” that is, a higher effective energy beam than an unfiltered high-voltage
power supply. To distinguish between X-rays produced by these two power supplies,
we call the first kVp (kV peak) and X-rays from the filtered generator are labelled
kV¢p (kV constant potential).

The theoretical maximum photon energy (%¢/Aminimum) is €equal to the electron’s
kinetic energy when it strikes the target, which in turn is equal to potential energy
of the electron before it is accelerated, ¢V. Thus, the relationship between applied
voltage and the minimum wavelength, which is known as the Duane-Hunt law, is

hc
V=— 5.15
q o (5.15)
o 6.6 x 107%] s x 3 x 10°m/s 10" A/m
1.6 x 10-19C x E eV
12,400 .
Ay = QE A (5.16)

\%‘@.

EXAMPLE 5.6

Calculate the lower wavelength limit of the X-ray spectrum from a tube with 100 kV
across it.

Solution

The lower wavelength limit of the X-ray spectrum from a tube with 100 kV across

it is

calculated with Eq. (5.16):

12,400 12,400

= =0.124 A.
E 100,000 volts

m

The power, P watts, in the electron beam of an X-ray machine is given by the
product of the high voltage across the tube, V volts, and the beam current i amperes.

P (beam) = V x i. (5.17)

Since the fraction of the beam power that is converted to X-rays is proportional to
ZV, the intensity of the X-ray beam, /, is proportional to the product of ZVand Vi

I(Xrays) o< (ZV x Vi) oc ZVZ?i. (5.18)
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Equation (5.17) shows that the X-rays from an X-ray generator varies directly with
the beam current and with the square of the high voltage across the tube.

The kinetic energy of an electron that has been accelerated across V volts is eV
(electron volts); Eq. (5.16) may be adapted to relate the wavelength to the energy,
in electron volts, of any photon:

12,400
A= 2 . (5.19)
eV

6 .
&é@' EXAMPLE 5.7

Calculate the wavelength of the 0.364-MeV photon from 1*!1.
Solution
The wavelength of the 0.364-MeV photon from T is calculated as follows:

12,400 12,400

A= = = 0.0341 A.
E 0.364 x 106

ALPHA PARTICLES (ALPHA RAYS)

Range-Energy Relationship

Alpha particles (The terms alpha rays and alpha particles are synonymous, and are
used interchangibly) are the least penetrating of the radiations. In air, even the most
energetic alphas from radioactive substances travel only several centimeters, while
in tissue, the range of alpha radiation is measured in microns (1 & = 10~* cm). The
term range, in the case of alpha particles, may have two different definitions—mean
range and extrapolated range. The difference between these two ranges can be seen
in the alpha-particle absorption curve (Fig. 5-10).
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Figure 5-10. Alpha-particle absorption curve.
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An alpha-particle absorption curve is flat because alpha radiation is essentially
monoenergetic. Increasing thickness of absorbers serves merely to reduce the energy
of the alphas that pass through the absorbers; the number of alphas is not reduced
until the approximate range is reached. At this point, there is a sharp decrease in
the number of alphas that pass through the absorber. Near the very end of the curve,
absorption rate decreases due to straggling, or the combined effects of the statistical
distribution of the “average” energy loss per ion and the scattering by the absorber
nuclei. The mean range is the range most accurately determined and corresponds
to the range of the “average” alpha particle. The extrapolated range is obtained by
extrapolating the absorption curve to zero alpha particles transmitted.

Air is the most commonly used absorbing medium for specifying range—energy
relationships of alpha particles. The range (in cm) of air, R,, at 0°C and 760 mm Hg
pressure of alphas whose energy E is between 2 MeV and 8 MeV is closely approxi-
mated (within 10%) by the following empirically determined equation:

R, = 0.322E%/%, (5.20)

The range of alpha particles in any other medium whose atomic mass number is A
and whose density is o may be computed from the following relationship:

Ry X pa X (Am)oﬁ = Rin X Pm X (Aa)oj’ (5.21)

where

R, and R,, = range in air and tissue (cm),
A, and A, = atomic mass number of air and the medium, and
pa and pp, = density of air and the medium (g/cmg).

i
\é@ EXAMPLE 5.8

What thickness of aluminum foil, density 2.7 g/cm?, is required to stop the alpha
particles from 2!1°Po?

Solution

The energy of the 2°Po alpha particle is 5.3 MeV. From Eq. (5.20), the range of
the alpha particle in air is

R=0.322 x (5.3)%? = 3.93 cm.

Substituting
R, =3.93 cm,
An = 27,

Ay = (0.2 x 16 + 0.8 x 14),
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om = 2.7 g/cm®, and
pa = 1.293 x 1073 g/cm3 into Eq. (5.21), we have

_ Rux pax (An)™  8.93cm x 1.293 x 103 g/em® x (27)"°
T X (A% 27g/em3 x (0.2 x 16 4+ 0.8 x 14)05

=258 x 1072 cm.

R

The range of the 5.3 MeV-alpha, in units of density thickness, from Eq. (5.1), is

h=lxp=258x10"cmx27 5 =7x10% 5.
cm cm

Because the effective atomic composition of tissue is not very much different from
that of air, the following relationship may be used to calculate the range of alpha
particles in tissue:

Ry X pa = R X py, (5°22)

where

R, and R; = range in air and tissue and
pa and p; = density of air and tissue.

6 .
\é@ EXAMPLE 5.9

What is the range in tissue of a 2!°Po alpha particle?

Solution

The range in air of this alpha particle was found in Example 5.8 to be 3.93 cm.
Assuming tissue to have unit density, the range in tissue is, from Eq. (5.22):

_ R, X pa _ 3.93 cm x 1.293 x 1073 g/cm® 51 % 10-% em.
Pt 1 -
cm?®

R

Energy Transfer

The major energy-loss mechanisms for alpha particles that are considered to be sig-
nificant in health physics are collisions with the electrons in the absorbing medium.
These interactions result in electronic excitation and ionization of the absorber
atoms.
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In a collision between a heavy ionizing particle and an orbital electron in an
absorbing medium, the energy transferred from the ionizing particle to the orbital
electron is given by:

_2(9x 109 x Q x ¢)*
- maZv?

AE , (5.23)

where

Q = charge on the ionizing particle,

g = charge on the electron,

m = mass of the electron, and

a = closest distance of approach of the ionizing particle to the electron
(called the impact parameter).

\%‘@.

EXAMPLE 5.10

The first ionization potential, ¢, of the Oy molecule = 12.06 eV. A 5.3-MeV al-

pha
elec

particle from *!Po passes the molecule at a distance of 0.2 A from an outer
tron.

(a) How much energy does the alpha particle transfer to the electron?

(b) If this amount of energy exceeds the ionization potential, what is the kinetic

energy of the ejected electron?

Solution

(a) Equation (5.23) will be used to calculate the transferred energy. First, we will

calculate v* for substitution into Eq. (5.23). Relativity effects are trivial at
an alpha particle energy of 5.3 MeV. We, therefore, may use the Newtonian
expression for kinetic energy, (Eq. [2.5]):

1
Ey = —mo’.

Solving for v, we have:

o _ 2B _ 2x5.3MeVx1.6x 1‘0_13J/M6V 955 x 101 (E)Q.
m 6.64424 x 10~%7 kg s

(%

For an alpha particle, Q = 2¢, therefore,

_2(9x 107 x 2472 2(81 x 10" x 4¢*) 648 x 10'® x ¢*

ma2v? ma?v? ma?v?

AE, (5.24)
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Substituting the appropriate values for m, a, and v* into Eq. (5.24) yields:
648 x 10" x (1.6 x 1071 C)*

AE53Mev @ = : —
9.11 x 10731 kg x (2 x 10-11 m)* x 2.55 x 1014 (_2>
S

=457x 107" ].

Converting 4.57 x lO_“‘J into electron volts, we have

457 x 10718

AE53Mev @ = = 28.6 eV.

1.6 x 1019 i
eV

(b) Exclecoon = AE — ¢ =28.6eV —12.1eV =16.5¢€V.

In passing through air or soft tissue, an alpha particle loses, on average, 35.5 eV
per ion pair that it creates. The specific ionization of an alpha particle is very high,
on the order of tens of thousands of ion pairs per centimeter in air. This is due to
its high electrical charge and relatively slow speed because of its great mass. The
slow speed allows a long interaction time between the electric fields of the alpha
particle and an orbital electron of an atom in the medium through which the alpha
particle passes, thus allowing sufficient energy transfer to ionize the atom with which
it collides. As the alpha particle undergoes successive collisions and slows down, its
specific ionization increases because the electric fields of the alpha particle and the
electron have longer times to interact, and thus more energy can be transferred per
collision. This increasing ionization density leads to a maximum specific ionization
near the end of the alpha particle’s range, as shown in Figure 5-11. This maximum is
called the Bragg peak, after the British physicist Sir William Henry Bragg, who studied
radioactivity during the early years of the 1900s.

An alpha particle loses energy at an increasing rate as it slows down until the Bragg
peakis reached near the end of its range. Because of its inertia due to its heavy mass,
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Figure 5-11. Specific ionization of a ?'°Po alpha particle as a function of its remaining distance to
the end of its range in standard air. (Lamarsh, John R.; Baratta, Anthony J., /ntroduction to Nuclear
Engineering. 3rd Edition. (© 2001, Pgs. 103-104. Reprinted by permission of Pearson Education, Inc.,
Upper Saddle River, NJ. )
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an alpha particle undergoes very little deviation in a collision and therefore travels
essentiallyin a straightline. Its average rate of energy loss may therefore be calculated
as follows:

dE  Kinetic ener
o= ST oNTEY (5.25)
dR Range

The mass stopping power of air for a 2!°Po alpha particle is, according to Eq.
(5.9), is given by

. dE/dR 1.5 MeV/cm 5 MeV

S (air) = — = =1.04 x 10 .

o (air) 1.293 x 1073 g/cm3 g/cm?

The relative mass stopping power for alpha particles is defined in the same way as
for electrons and betas (Eq. [5.11]). In Example 5.9, it was shown that the range in
tissue of a 5.3-MeV alpha particle is 5.1 x 107 cm. Its mean rate of energy loss in
tissue, therefore, is

3M M
S3IMeV. 045 100 MV

5.1 x 103 cm cm

dE .
— (tissue) =
dR

and its mass stopping power, S, is

dE/dR  1.04 x 10°> MeV/cm , MeV
— =1.04 x 10

S (tissue) = T g/cm? gjem?”

Using Eq. (5.11), we calculate the relative stopping power of tissue, p;, for 5.3-MeV
alpha particles:

M
1.04 x 103 eVQ
_ Stissue _ g/cm -1
=g T MeV ~
ar 1.04 x 103 -
g/cm?
GAMMA RAYS
Exponential Absorption

The attenuation of gamma radiation (photons) by an absorber is qualitatively dif-
ferent from that of either alpha or beta radiation. Whereas both these corpuscular
radiations have definite ranges in matter and therefore can be completely stopped,
gamma radiation can only be reduced in intensity by increasingly thicker absorbers;
it cannot be completely absorbed. If gamma-ray attenuation measurements are made
under conditions of good geometry, that is, with a well-collimated, narrow beam of radi-
ation, as shown in Figure 5-12, and if the data are plotted on semilog paper, a straight
line results, as shown in Figure 5-13, if the gamma rays are monoenergetic. If the
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Gamma ray beam
Scattered photons

g /\ _Collimator

\

e\

\ \
Soutce \ Detector

N Absorber

Collimator

Figure 5-12. Measuring attenuation of gamma rays under conditions of good geometry. Ideally, the
beam should be well collimated and the source should be as far away as possible from the detector;
the absorber should be midway between the source and the detector and should be thin enough so
that the likelihood of a second scattering of a photon already scattered by the absorber is negligible;
and there should be no scattering material in the vicinity of the detector.
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Figure 5-13. Attenuation of gamma rays under conditions of good geometry. The solid lines are the
attenuation curves for 0.662-MeV (monoenergetic) gamma rays. The dotted line is the attenuation
curve for a heterochromatic beam.
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gamma-ray beam is heterochromatic, a curve results, as shown by the dotted line in
Figure 5-13. The equation of the straight line in Figure 5-13 is

In/=—-ut+Inl (5.26a)
or
1
In— = —put. (5.26b)
Iy
Taking the inverse logs of both sides of Eq. (5.26b), we have,
1
— =M (5.27)
Iy
where
Iy = gamma-ray intensity at zero absorber thickness,

t = absorber thickness,

I = gamma-ray intensity transmitted through an absorber of thickness ¢,
e = base of the natural logarithm system, and
1 = slope of the absorption curve = the attenuation coefficient.

Since the exponent in an exponential equation must be dimensionless, © and ¢
must be in reciprocal dimensions, that is, if the absorber thickness is measured in
centimeters, then the attenuation coefficient is called the linear attenuation coefficient,
w1, and it must have dimensions of “per cm.” If ¢ is in g/ch, then the absorption
coefficientis called the mass attenuation coefficient, {1, and it must have dimensions of
per g/cm2 or cmg/g. The numerical relationship between u; and fiy,, for a material
whose density is p g/cm?, is given by the equation

2
1 cm g
pem™! =y e x p (5.28)
g cm
The attenuation coefficient is defined as the fractional decrease, or attenuation
of the gamma-ray beam intensity per unit thickness of absorber, as defined by the

equation below:

—_— (5.29)

where A7/1 is the fraction of the gamma-ray beam attenuated by an absorber of
thickness At. The attenuation coefficient thus defined is sometimes called the total
attenuation coefficient. Values of the attenuation coefficients for several materials are
given in Table 5-3.

For some purposes, it is useful to use the atomic attenuation coefficient, j1,. The
atomic attenuation coefficient is the fraction of an incident gamma-ray beam that is
attenuated by a single atom. Another way of saying the same thing is that the atomic
attenuation coefficient is the probability that an absorber atom will interact with one
of the photons in the beam. The atomic attenuation coefficient may be defined by
the equation

1
M1 —

fa cm® = — G, (5.30)

3

cm



TABLE 5-3. Linear Attenuation Coefficients, cm™!

QUANTUM ENERGY (MeV)

o.(g/cm3) 0.1 0.15 0.2 0.3 0.5 0.8 1.0 1.5 2 3 5 8 10
c 2.25 0.335 0.301 0.274 0.238 0.196 0.159 0.143 0.117 0.100 0.080 0.061 0.048 0.044
A 2.7 0.435 0.362 0.324 0.278 0.227 0.185 0.166 0.135 0.117 0.096 0.076 0.065 0.062
Fe 7.9 2.72 1.445 1.090 0.838 0.655 0.525 0.470 0.383 0.335 0.285 0.247 0.233 0.232
Cu 8.9 3.80 1.830 1.309 0.960 0.730 0.581 0.520 0.424 0.372 0.318 0.281 0.270 0.271
Pb 1.3 59.7 20.8 10.15 4.02 1.64 0.945 0.771 0.579 0.516 0.476 0.482 0.518 0.552
Air 1.29%1073 1.95x107* 1.73x10°* 1.59x107* 1.37x10™% 1.12x10™* 9.12x107° 8.45x10™° 6.67x107° 5751075 4.6x10™° 3.54x10~° 2.84x107° 2.61x105
H,0 1 0.167 0.149 0.136 0.118 0.097 0.079 0.071 0.056 0.049 0.040 0.030 0.024 0.022
Concrete? 2.35 0.397 0.326 0.291 0.251 0.204 0.166 0.149 0.122 0.105 0.085 0.067 0.057 0.054

“O0rdinary concrete of the following composition: 0.56%H, 49.56% O, 31.35%Si, 4.56%Al, 8.26%Ca, 1.22%Fe, 0.24%Mg, 1.71%Na, 1.92%K, 0.12%S.

Source: From White G. Xray Attenuation Coefficients. Washington, DC: US Government Printing Office; 1952. NBS Report 1003.
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where N is the number of absorber atoms per cm®. Note that the dimensions of
I, are cm?, the units of area. For this reason, the atomic attenuation coefficient is
almost always referred to as the cross section of the absorber. The unit in which the
cross section is specified is the barn, b.

1b=10"2*cm?.

The atomic attenuation coefficient is also called the microscopic cross section and is
symbolized by o, while the linear attenuation coefficientis often called the macroscopic
cross section and is given by the symbol 3. This nomenclature is almost always used
in dealing with neutrons. Equation (5.30) can thus be written as

2

1 __ _cm atoms
> cm =0 X N (5.31)

Using the relationship given in Eq. (5.31), Eq. (5.27) may be rewritten as

I
e el = N (5.32)

The linear attenuation coefficient for a mixture of materials or an alloy is given by

M1 = Hal XN1+//La2XN2+"':ZManXNn» (5°33)
n=1

where

W, = atomic coefficient of the nth element and
N, = number of atoms per cm® of the nth element.

The numerical values for 1, have been published for many elements and for a wide
range of quantum energies.” With the aid of atomic cross sections and Eq. (5.33), we
can compute the attenuation coefficients of compounds or alloys containing several
different elements.

i .
\é@' EXAMPLE 5.11

Aluminum bronze, an alloy containing 90% Cu (atomic weight = 63.57) and 10% Al
(atomic weight = 26.98) by weight, has a density of 7.6 g/cm®. What are the linear
and mass attenuation coefficients for 0.4-MeV gamma rays if the cross sections for
Cu and Al for this quantum energy are 9.91 and 4.45 b?

Solution

From Eq. (5.33), the linear attenuation coefficient of aluminum bronze is

= (ta)cu X New + (a)ar X Nai.

“Gladys White Groodstein: X-Ray Attenuation Coefficients from 10 KeV to 100 MeV. NBS Circular

583, U.S. Government Printing Office, Washington, DC, 1957.
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The number of Cu atoms per cm? in the alloy is

6.0 102 at 1 o, at

Ny = 2 x atoms/mo X (7.6 % 0.9) 8 _ 6.5 x 1022 atoms
63.57 g/mol cm? cm?

and for Al, it is given by

: 10% at 1 99 Al
Ny = 6.02 x 10°° atoms/mo % (7.6 % 0.1) %:1.7)(1022 aon;s-

97 i cm cm
mol

The linear attenuation coefficient therefore is

B o4 cm? 99 AtOms
1 = 9.91 x 10 x 6.5 x 10 .
atom cme
2
t
1445 x 1072 8 17 %102 22 _ 979 em !,
atom m?

The mass attenuation coefficient is, from Eq. (5.28),

i 072em ) g5 <
p  7.6g/cm? g

Mm =
The attenuating properties of matter vary systematically with the atomic number
of the absorber and with the energy of the gamma radiation, as shown in Figure
5-13. It should be noted, however, that in the region where the Compton effect (this
effect is more fully discussed below) predominates, the mass attenuation coefficient

is almost independent of the atomic number of the absorber (Fig. 5-14).

10 2 ‘\
o \
St
o
§
~ c
E 'F
L -
& osf
> -
[} -
©
c L.
S
% 01|
= o
< o005fF Ly
0.01 e o el Ll 1|I“li I N RS 1 leljlll
0.01 0.05 0.1 05 1 5 10 50 100

Energy {MeV)

Figure 5-14. Curvesillustrating the systematic variation of attenuation coefficient with atomic number
of absorber and with quantum energy.
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i
\é@' EXAMPLE 5.12

(a) Compute the thickness of Aland Pb to transmit 10% of a narrow beam of 0.1-MeV
gamma radiation.

Solution

From Table 5-2, y, for Alis 0.435 cm™!, and for Pbitis 59.7 cm™!. From Eq. (5.27)
we have for Al:

i — M — i — e—(()‘435cm’1)(tcm)
I 10
In10 =0.435¢
In10 2.3
t= = =2 _53cm Al
0.435 0.435

In a similar manner, we have for Pb:

i — e—(59.7cm’1)(tcm)
10
3
= _ 23 = 0.04 cm Pb.
59.7 cm™!

(b) Repeat part (a) for a 1.0-MeV gamma ray; given
w1 for Al = 0.166 cm~ ! and

w1 for Pb = 0.771 cm ™.
Solution

For Al, we have

1 o
= e*(().lbbcm By (tcm)
10
t =13.9cm Al
and for Pb,

i — E_(O‘771 cm™!) (tcm)
10
t = 3cm Pb.

(c) Compare the density thickness of the Al and Pb in each part of the illustrative
example above.

Solution

The density thicknesses for the Al and Pb in the case of the 0.1-MeV photon are,
from Eq. (5.1),



172

CHAPTER S

ta (Al) = 2.7g/cm® x 5.3 cm = 14.3 g/cm? and
ta(Pb) = 11.834g/cm? x 0.04 cm = 0.45g/cm?.

For the 1.0-MeV photons, the density thicknesses for the Al and Pb are given as
follows:

ta (Al) = 2.7g/cm® x 13.9 cm = 87.5g/cm? and
ta(Pb) = 11.834g/cm® x 3cm = 34 g/cm”.

Example 5.12 shows that for high-energy gamma rays, Pb is only a slightly better
absorber, on a mass basis, than Al. For low-energy photons, on the other hand, Pb
is a very much better absorber than Al. Generally, for energies between about 0.75
and 5 MeV, almost all materials have, on a mass basis, about the same gamma-ray
attenuating properties. To a first approximation in this energy range, therefore,
shielding properties are approximately proportional to the density of the shielding
material. For lower and higher quantum energies, absorbers of high atomic number
are more effective than those of low atomic number. To understand this behavior,
we must examine the microscopic mechanisms of the interaction between gamma
rays and matter.

Half Value Layer and Tenth Value Layer

The half value layer (HVL) is defined as the thickness of a shield or an absorber
that reduces the radiation level by a factor of 2, that is to half the initial level. (The
HVL is also called a half value thickness.) The relationship of the HVL of a shielding
material to the attenuation coefficient for that material is analogous to that between
the halflife and the decay rate constant for a radioisotope. The shield thickness
necessary to reduce the intensity of a beam, under conditions of good geometry, to
1/2 is calculated from Eq. (5.27) in the following manner:

AR
Iy 2
1
1I1§ = —0.693 = —/,Ll‘l/g
0.693
lyyo = _/,L = HVL. (5.34)

When calculating shielding thickness, it may be convenient to determine the
number of HVLs required to reduce the radiation to the desired level. For example,
to reduce the radiation level to 1,/10 its original level would require between 3 HVLs
(which would reduce the level to 1/2% = 1/8) and 4 HVLs (which would reduce the
beam to 1/2* = 1/16). Generally, the number of HVLs (n) required to reduce the
beam level from I to I is given by

R (5.35)
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To calculate the number of HVLs to reduce the gamma ray beam level to 10%, as in
Example 5.12 using Eq. (5.35):

I 1 1
L, 10 27
n=3.3HVLs.

For the case of 1-MeV gammas, whose 1 = 0.166 cm™ !,

0.693 0.693
L —

_ _ — 4.17cm AL
W 0.166cm-! o

Therefore,

cm Al

Shield thickness = 3.3 HVL x 4.17 =13.8cm Al.

A shield that will attenuate a radiation beam to 10% of its radiation level, as in the
case of the illustration above, is called a tenth value layer, which is symbolized by TVL.
The concepts of HVLs and TVLs are widely used in shielding design. Table 10.7 lists
the TVLs of ordinary concrete, steel, and lead for X-rays of several energies.

Interaction Mechanisms

For radiation protection purposes, four major mechanisms for the interaction of
gamma-ray energy are considered significant. Two of these mechanisms, photoelec-
tric absorption and Compton scattering, which involve interactions only with the
orbital electrons of the absorber, predominate in the case where the quantum en-
ergy of the photons does not greatly exceed 1.02 MeV, the energy equivalent of the
rest mass of two electrons. In the case of higher-energy photons, pair production,
which is a direct conversion of electromagnetic energy into mass, occurs. These
three gamma-ray interaction mechanisms result in the emission of electrons from
the absorber. Very high-energy photons, E >>2m¢?, may also be absorbed into the
nuclei of the absorber atoms; they then initiate photonuclear reactions that result
in the emission of other radiations from the excited nuclei.

Pair Production

A photon whose energy exceeds 1.02 MeV may, as it passes near a nucleus, sponta-
neously disappear, and its energy reappears as a positron and an electron, as pictured
in Figure 5-15. Each of these two particles has a mass of m ¢2, or 0.51 MeV, and the
total kinetic energy of the two particles is very nearly equal to £ (gamma) — 2mc?.
This transformation of energy into mass must take place near a particle, such as a
nucleus, for the momentum to be conserved. The kinetic energy of the recoiling nu-
cleus is very small. For practical purposes, therefore, all the photon energy in excess
of that needed to supply the mass of the pair appears as kinetic energy of the pair.
This same phenomenon may also occur in the vicinity of an electron, but the prob-
ability of occurrence near a nucleus is very much greater. Furthermore, the thresh-
old energy for pair production near an electron is 4mgc?. This higher threshold
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Nucleus

Figure 5-15. Schematic representation of pair production. The positron—electron pair is generally
projected in the forward direction (relative to the direction of the photon). The degree of forward
projection increases with increasing photon energy.

energy is necessary because the recoil electron, which conserves momentum, must
be projected back with a very high velocity, since its mass is the same as that of each of
the newly created particles. The cross section, or the probability of the production of
a positron—electron pair, is approximately proportional to 7?2 4+ 7 and is therefore
increasingly important as the atomic number of the absorber increases. The cross
section increases slowly with increasing energy between the threshold of 1.02 MeV
and about 5 MeV. For higher energies, the cross section is proportional to the loga-
rithm of the quantum energy. This increasing cross section with increasing quantum
energy above the 1.02-MeV threshold accounts for the increasing attenuation coef-
ficient, shown in Figure 5-14, for high-energy photons. Note that the curves for each
of the coefficients have a minimum value; for lead, the minimum attenuation is for
3-MeV photons (gamma rays).

After production of a pair, the positron and electron are projected in a forward
direction (relative to the direction of the photon) and each loses its kinetic energy
by excitation, ionization, and bremsstrahlung, as with any other high-energy elec-
tron. When the positron has expended all of its kinetic energy, it combines with an
electron and the masses of the two particles are converted to energy in the form of
two quanta of 0.51 MeV each of annihilation radiation. Thus, a 10-MeV photon may,
in passing through a lead absorber, be converted into a positron—electron pair in
which each particle has about 4 MeV of kinetic energy. This kinetic energy is then
dissipated in the same manner as beta particles. The positron is then annihilated by
combining with an electron in the absorber, and two photons of 0.51 MeV each may
emerge from the absorber (or they may undergo Compton scattering or photoelec-
tric absorption). The net result of the pair production interaction in this case was
the conversion of a single 10-MeV photon into two photons of 0.51 MeV each and
the dissipation of 8.98 MeV of energy.

Compton Scattering
Compton scattering is an elastic collision between a photon and a “free” electron
(an electron whose binding energy to an atom is very much less than the energy of
the photon), as shown diagrammatically in Figure 5-16.

In a collision between a photon and a free electron, it is impossible for all the
photon’s energy to be transferred to the electron if momentum and energy are to
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Scattered photon
h ’
“Free’’ electron g —f, p& l)‘\_,

E=myc? p=o

Incident photon
E = h_g . = -'l
A A
Scattered electron
E=mc? p=mv

Figure 5-16. Compton scattering: An elastic collision between a photon and an electron.

be conserved. This can be shown by assuming that such a reaction is possible. If
this were true, then, according to the conservation of energy, all the energy of the
photon is imparted to the electron, and we have, from Eq. (2.23),

E = md®.
According to the law of conservation of momentum, all the momentum p of the
photon must be transferred to the electron if the photon is to disappear:

p= % = mu. (5.36)
Eliminating m from these two equations and solving for v, we find v = ¢, an impossible
condition. The original assumption, that the photon transferred all of its energy to
the electron, must therefore be false.

Since all the photon’s energy cannot be transferred, the photon must be scattered,
and the scattered photon must have lesser energy—or alonger wavelength—than the
incident photon. Only the energy difference between the incident and scattered pho-
tonsis transferred to the free electron. The amount of energy transferred in any colli-
sion can be calculated by applying the laws of conservation of energy and momentum
to the situation pictured in Figure 5-16. To conserve energy, we must have

he n 9 he n 9
—_— moc = — mc
A 0 Y

(5.37)

and to conserve momentum in the horizontal and vertical directions respectively,
we have

h h
Z = ZcosB .
3 A/cos + mv cos ¢ (5.38)
and
h . .
0= W sinf — musin ¢. (5.39)

The solution of these equations shows the change in wavelength of the photon to
be

h
Ar=X —Ai=—(1—cosf) cm (5.40)
mgpc
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and the relation between the scattering angles of the photon and the electron to be

cotg = {1 + } tan ¢. (5.41)

Amgc

When the numerical values are substituted for the constants and centimeters are

converted into angstrom units, Eq. (5.40) reduces to

AL = 0.0242(1 — cos6) A. (5.42)

Equation (5.42) shows that the change in wavelength following a scattering event de-
pends only on the scattering angle; it neither depends on the energy of the incident
photon nor on the nature of the scatterer. As a consequence, a low-energy, long-
wavelength photon will lose a smaller percentage of its energy than a high-energy,

short-wavelength photon for the same scattering angle.

Equation (5.41) shows that the electron cannot be scattered through an angle
greater than 90°. This scattered electron is of great importance in radiation dosime-
try because it is the vehicle by means of which energy from the incident photon is
transferred to an absorbing medium. The Compton electron dissipates its kinetic
energy in the same manner as a beta particle and is one of the primary ionizing parti-
cles produced by gamma radiation (photons). Compton scattering is also important
in health physics engineering because a high-energy photon loses a greater fraction
ofits energy when it is scattered than a low-energy photon does. By taking advantage
of this fact, the required shielding thickness can be reduced and economic savings

thereby effected.

6 .
\é@ EXAMPLE 5.13

What percentage of their energies do 1-MeV and 0.1-MeV photons lose if they are
scattered through an angle of 90°?

Solution

We will solve this problem by first calculating the wavelength of the photons
before and after the scattering event, then converting the scattered wavelengths
into the corresponding energies, and then calculating the percent energy loss of
each photon.

e Using Eq. (5.19), we calculate the wavelength of each photon:

12,400  1.24 x 10*
eV 1x10°
12,400  1.24 x 10*
eV 1x10°

1(0.1 MeV) = =0.124 A

A(1.0MeV) = =0.0124 A
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® The wavelength change due to the scatter depends only on the scattering
angle, as shown by Eq. (5.42). AA is therefore the same for both photons.

AL = 0.0242(1 — cos@) = 0.0242 (1 — cos 90°) = 0.0242 A.

® The wavelength of each photon after scattering is

2 (0.1 MeV) = A + AL = 0.124 + 0.0242 = 0.1482 A
A (1.0MeV) = A + Ak = 0.0124 + 0.0242 = 0.0366 A.

® The energy of each scattered photon, E’ is

/ . 12,400
E'(0.1482A) = —— = 83,670 eV = 0.08367 MeV
0.1482 A

, . 12,400
E'(0.0366A) = ——— = 338,500 ¢V = 0.3385 MeV.
0.0366 A

® The percentage decrease in the energy each of the photons is

1.0000 MeV — 0.3385 MeV

AE(1.0MeV) = E — E' = 100 = 66.
(1.0 MeV) 1.0000 MeV x 2%
010000 MeV — 0.08367 MV
AE (0.1 MeV) = E — E' = « 100 = 16.3%.
0.10000 MeV

The energy of the scattered photon can be calculated more directly than in the
above method by substituting A = h¢/E and A’ = he/E’ into Eq. (5.40) and solving
for E":

E

- i , (5.43)
14+ (E/myc?) (1 — cosh)

and the fraction of the incident photon energy thatis carried by the scattered photon
would be

E 1
E 14 (E/myc®) (1 —cos6)’

(5.44)

where mgc? is the energy equivalent of the rest mass of the electron, 0.51 MeV.

The probability of a Compton interaction with an electron decreases with increas-
ing quantum energy and is independent of the atomic number of the interacting
material. In Compton scattering, every electron acts as a scattering center and the
bulk scattering properties of matter depends mainly on the electron density per unit
mass. Probabilities for Compton scattering are therefore given on a per-electron ba-
sis. The theoretical cross sections for Compton scattering were derived by Klein and
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Scattered photon

Incident phbto

dQ= 2nr sinze rdf
r

Figure 5-17. Compton scattering diagram to illustrate differential scattering cross section. Sis a sphere
of unit radius whose center is the scattering electron.

Nishina. For scattering into a differential solid angle d€2 at an angle 6 to the di-
rection of the incident photon (Fig. 5-17) they give the differential total scattering
coefficient as

doy et 1 2 1+ cos?0 + a®>(1 — cos6)?
dQ  2m2ct |1+ a (1l —cos 0) 1+ a(l—cos ) ’

(5.45)

where e, my, and ¢ have the usual meaning and a = Af/ my 2. Equation (5.45) and
Figure 5-18 give the probability of scattering a photon into a solid angle d2 through
an angle 6. The total probability of scattering, 2, can be obtained by substituting
dQ2 =27 sin 6 df and integrating the differential scattering coefficient over the
entire sphere. The result of this calculation, for quantum energies up to 10 MeV, is
presented graphically in Figure 5-19.

Photoelectric Absorption

The photoelectric effect, in which the photon disappears, is an interaction between
a photon and a tightly bound electron whose binding energy is equal to or less
than the energy of the photon, as discussed in Chapter 3. The primary ionizing
particle resulting from this interaction is the photoelectron, whose energy is given by
Eq. (8.13), as

Epe = hf = 9.

The photoelectron dissipates its energy in the absorbing medium mainly by excita-
tion and ionization. The binding energy ¢ is transferred to the absorber by means of
the fluorescent radiation that follows the initial interaction. These low-energy pho-
tons are absorbed by outer electrons or in other photoelectric interactions not far
from their points of origin. The photoelectric effect is favored by low-energy pho-
tons and high-atomic-numbered absorbers. The cross section for this reaction varies
approximately as Z*A% (Z'/E?). It is this very strong dependence of photoelectric
absorption on the atomic number Z that makes lead such a good material for shield-
ing against X-rays. For very low-atomic-numbered absorbers, the photoelectric effect
is relatively unimportant.
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Figure 5-18. Differential scattering coefficient showing the probable angular distribution of
Compton-scattered photons.

Photonuclear Reactions (Photodisintegration)

Photodisintegration is a photonuclear reaction in which the absorber nucleus cap-
tures a high-energy photon and, in most instances, emits a neutron. This is a thresh-
old reaction in which the quantum energy must exceed a certain minimum value
that depends on the absorbing nucleus. This is a high-energy reaction and, with
few exceptions, is not an absorption mechanism for gamma rays (photons) from
radionuclides. An important exception is the case of “Be, in which the threshold en-
ergy is only 1.666 MeV. The reaction 9Be(y, n)®Be is useful as a laboratory source of
monoenergetic neutrons. Photodisintegration is an important reaction in the case
ofvery high energy photons from high-energy electron accelerators such as linear ac-
celerators and electron synchrotrons. Here, too, interest is centered on the fact that
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Figure 5-19. Total Compton cross section for a free electron.

photodisintegration results in neutron production and neutrons can be absorbed
by many materials and can make them radioactive. Generally, the cross sections
for photodisintegration are very much smaller than the total cross section given in
Eq. (5.46). In many shielding calculations, therefore, the photodisintegration cross
sections are usually considered insignificant and are neglected. High-energy accel-
erators, however, produce copious amounts of high-energy (>10 MeV) photons.
Photonuclear reactions, therefore, become important in shielding design.

Photodisintegration is a threshold reaction because the energy added to the ab-
sorber nucleus must be at least equal to the binding energy of a nucleon. Further-
more, a neutron is preferentially emitted rather than a proton because it has no
coulombic potential barrier to overcome in order to escape from the nucleus and
hence has alower threshold. The range of energy thresholds for photodisintegration
by neutron emission varies from 1.67 MeV for beryllium to about 8 MeV. For light
nuclei, the thresholds fluctuate unsystematically; in the range of atomic mass num-
bers 20-130, the thresholds increase slowly to about 8.5 MeV and then decreases
slowly to about 6 MeV as the atomic mass numbers increase. Quantum energies
greater than the threshold appear as kinetic energy of the emitted neutrons or,
if great enough, may cause the emission of charged particles from the absorber
nucleus.

Combined Effects

The attenuation coefficients or cross sections give the probabilities of removal of
a photon from a beam under conditions of good geometry, where it is assumed
that any of the possible interactions remove the photon from the beam. The total
attenuation coefficient, therefore, is the sum of the coefficients for each of the three
reactions discussed above:

Mt = Hpe + s + Mpp> (5.46)
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where the three right-hand terms are the attenuation coefficients for the photoelec-
tric effect, for Compton scattering, and for pair production, respectively. In comput-
ing attenuation of radiation for purposes of shielding design, the total attenuation
coefficient as defined in Eq. (5.46) is used.

Equation (5.46) gives the fraction of the energy in a beam that is removed, per
unit absorber thickness. The fraction of the beam’s energy that is deposited in the
absorber considers only the energy transferred to the absorber by the photoelec-
tron, by the Compton electron, and by the electron pair. Energy carried away by
the scattered photon in a Compton interaction and the energy carried off by the
annihilation radiation after pair production is not included. The energy absorption
coefficient, which is also called the true absorption coefficient, is given by

hf —1.02
MHe = Mpe + /’L(]e + //Lpp (fh—f> (5.47)

and is used in the calculation of radiation dose. The total attenuation and true
absorption coefficients for air are shown in Figure 5-20, and the energy absorption
coefficients for water, air, compact bone, and muscle are listed in Table 5-4.

NEUTRONS

Production

The most prolific source of neutronsis the nuclear reactor. The splitting of a uranium
or a plutonium nucleus in a nuclear reactor is accompanied by the emission of several
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Figure 5-20. Linear attenuation coefficients and absorption coefficients of air for gamma rays as a
function of energy.
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TABLE 5-4. Values of the Mass Energy—Absorption Coefficients
MASS-ENERGY-ABSORPTION COEFFICIENT (ften/p)cm?/g

PHOTON

ENERGY Compact

(MeV) \X/ater Air Bone Muscle
0.010 4.89 4.66 19.0 4.96
0.015 1.32 1.29 5.89 1.36
0.020 0.523 0.516 2.51 0.544
0.030 0.147 0.147 0.743 0.154
0.040 0.0647 0.0640 0.0305 0.0677
0.050 0.0394 0.0384 0.158 0.0409
0.060 0.0304 0.0292 0.0979 0.0312
0.080 0.0253 0.0236 0.0520 0.0255
0.10 0.0252 0.0231 0.0386 0.0252
0.15 0.0278 0.0251 0.0304 0.0276
0.20 0.0300 0.0268 0.0302 0.0297
0.30 0.0320 0.0288 0.0311 0.0317
0.40 0.0329 0.0296 0.0316 0.0325
0.50 0.0330 0.0297 0.0316 0.0327
0.60 0.0329 0.0296 0.0315 0.0326
0.80 0.0321 0.0289 0.0306 0.0318
1.0 0.0311 0.0280 0.0297 0.0308
1.5 0.0283 0.0255 0.0270 0.0281
2.0 0.0260 0.0234 0.0248 0.0257
3.0 0.0227 0.0205 0.0219 0.0225
4.0 0.0205 0.0186 0.0199 0.0203
5.0 0.0190 0.0173 0.0186 0.0188
6.0 0.0180 0.0163 0.0178 0.0178
8.0 0.0165 0.0150 0.0165 0.0163
10.0 0.0155 0.0144 0.0159 0.0154

Source: From Physical Aspects of Irradiation. Washington, DC: US Government Printing Office; March 1964. NBS
Handbook 85.

neutrons. These fission neutrons have a wide range of energies, as shown in Figure
5-21. The distribution peaks at 0.7 MeV and has a mean value of 2 MeV.

Except for several fission fragments of very short half-life, there are no radionu-
clides that decay by emitting neutrons. Californium-252, however, an alpha emit-
ter, undergoes spontaneous nuclear fission at an average rate of 10 fissions for ev-
ery 313 alpha transformations. Since the half-life of 2>Cf due to alpha emission is
2.73 years, its effective halflife, including spontaneous nuclear fission, is 2.65 years.
Californium-252 thus simulates a neutron-emitting radionuclide. The neutron emis-
sion rate has been found to be 2.31 x 10° neutrons per second per ug **2Cf. The
emitted neutrons span a wide range of energies. The most probable energy is about
1 MeV, while the average value of the energy distribution is about 2.3 MeV.

All other neutron sources depend on nuclear reactions for the emission of neu-
trons. Copious neutron beams may be produced in accelerators by many different
reactions. For example, bombardment of beryllium by high-energy deuterons in a
cyclotron produces neutrons according to the reaction

Be + D — (1B)” — '$B+ {n. (5.48)
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Figure 5-21. Energy distribution of fission neutrons. The most probable energy is 0.7 MeV and the
average energy is 2 MeV.

The term in the parentheses is called a compound nucleus, and the asterisk shows that
it is in an excited state. The compound nucleus rids itself of its excitation energy
instantaneously (<1078 s) by proceeding to the next step in the reaction. For small
laboratory sources of neutrons, the photodisintegration of beryllium may be used.
Another commonly used neutron source depends on the bombardment of beryllium
with alpha particles. The reaction, in this case, is

{Be +3He — ('3C)" — 3C+ in. (5.49)

For the source of the alpha particles, radium, polonium, or plutonium is used.
The alpha emitter, as a powder, is thoroughly mixed with finely powdered beryl-
lium, and the mixture is sealed in a capsule, as shown in Figure 5-22. The neutrons
that are produced are all high-energy neutrons. In all cases of neutrons based on
this reaction, the neutron energy is spread over a broad spectrum, as shown in

Solder

NN

Ul

Ra—Be mixture

Figure 5-22. Typical construction of an «, 17 neutron source in a sealed container. Here Ra serves as
the a source.
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Figure 5-23. Energy distribution of Po-Be neutrons. (Reproduced with permission from T7echnical
Bulletin NS-2. Ottawa, Ontario, Canada: Atomic Energy of Canada, Ltd; 1966.)

Figure 5-23. This spread of energies from a *Be (e, n)'2C source is in sharp contrast
to the monoenergetic neutrons from a photodisintegration source using monoener-
getic photons. In the «, n reaction, the energy equivalent of the difference in mass
between the reactants and the products plus the kinetic energy of the bombarding
particle is divided between the neutron and the recoil nucleus. In practical «, n
sources, some of the alpha-particle energy is dissipated by self-absorption within the
source. As a consequence, the alphas that initiate the reaction have a wide range of
energies, thereby contributing to the spectral spread of the neutrons. The neutron
yield for an o, nsource increases with increasing alpha energy because of the greater
ease with which higher-energy alphas penetrate the coulomb barrier at the nucleus.
Tables 5-5 and 5-6 list some y, nand «, n neutron sources, respectively.

TABLE 5-5. y, n Photoneutron Sources

YIELD
AVERAGE NEUTRON - a

SOURCE HALF-LIFE ENERGY (MeV) s/cCi s/MBq
2*Na + Be 15h 0.83 1.3 x 10 35
24*Na + D,0 15h 0.22 2.7 x 10° 7.3
°6Mn + Be 2.58 h 0.1(90%), 0.3(10%) 2.9 x 10* 0.8
°Mn+ D, O 2.58h 0.22 3.1 x10° 0.08
’2Ga + Be 14.2h 0.78 5x 10% 1.4
’2Ga 4+ D,0 14.2h 0.13 6 x 10* 1.6

88y 1 Be 88d 0.16 1 x 10° 2.7

88y +D 88 d 0.31 3x 103 0.08
"16|n 4+ Be 54 min 0.30 8.2 x 10° 0.2
1245 4 Be 60d 0.024 1.9 x 10° 5.1
1401 3 4+ Be 40 h 0.62 3x 103 0.08
14013 + D,O 40 h 0.15 8 x 103 0.2

Ra 4+ DO 1600 yrs 0.12 1 x 103 0.03
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TABLE 5-6. «, n Neutron Sources

YIELD
AVERAGE NEUTRON F— -

SOURCE HALF-LIFE ENERGY (MeV) s/ci s/MBq

Ra + Be 1600 yrs 5 1.7 x 107 459

Ra+ B 1600 yrs 3 6.8 x 10° 184
222Rn 4 Be 3.8d 5 1.5 x 107 405
210pg + Be 138d 4 3x 10° 81.1
210po 4+ B 138d 2.5 9 x 10° 24.3
210pg 4+ F 138d 1.4 4 x10° 10.8
210po 4 Lj 138d 0.42 9 x 10* 2.4
239Pu + Be 24,000 yrs 4 100 27

Classification

Neutrons are classified according to their energy because the type of reaction that
a neutron undergoes depends very strongly on its energy. High-energy neutrons,
those whose energies exceed about 0.1 MeV, are called fast neutrons. Thermal neutrons,
on the other hand, have the same kinetic energy distribution as gas molecules in
their environment. In this respect, thermal neutrons are indistinguishable from gas
molecules at the same temperature. The kinetic energies of gas molecules are related
to temperature by the Maxwell-Boltzmann distribution (Fig. 5-24):

21 _
f(E) = W@ E/RT p1/2, (5.50)

where f(E) is the fraction of the gas molecules (or neutrons) of energy E per unit
energy interval; £ is the Boltzmann constant, 1.38 x 10’23J/K (Kelvin) or 8.6 x 107°
eV/K; and T'is the absolute temperature of the gas, K.

The most probable energy, represented by the peak of the curve in Figure 5-24,
is given by

Emp = kT, (5.51)

f(E) —

Energy ——m

Figure 5-24. Maxwell-Boltzmann distribution of energy among gas molecules.
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and the average energy of gas molecules at any given temperature is
-3
E = §kT. (5.52)

For neutrons at a temperature of 293 K, the most probable energyis 0.025 eV. This is
the energy often implied by the term “thermal” neutrons. The velocity corresponding
to this energy, is calculated as

1 .
—mv® = kT=0.025¢eV x 1.6 x 107" J
2 eV

B 172
v — <2 % 0.025 €V x 1.6 x 10 IQJ/eV> —99x10° 2

1.67 x 10~27kg s

The average velocity of a neutron in a thermal neutron beam, if the most probable
velocity is vy, is given by

U= %‘U() =1.13 .- (5.53)

In the region of energy between thermal and fast, neutrons are called by various
names including intermediate neutrons, resonance neutrons, and slow neutrons. All these
descriptive adjectives are used loosely, and their exact meaning must be inferred
from the context in which they are used.

Interaction

All neutrons at the time of their birth are fast. Generally, fast neutrons lose energy
by colliding elastically with atoms in their environment, and then, generally after
being slowed down to thermal or near thermal energies, they are captured by nuclei
of the absorbing material. Although a number of possible neutron reaction types
exist, the chief reactions for the health physicist are elastic scattering and capture
followed by the emission of a photon or another particle from the absorber nucleus.

When absorbers are placed in a collimated beam of neutrons and the transmitted
neutron intensity is measured, as was done for gamma rays in Figure 5-12, it is found
that neutrons too are removed exponentially from the beam. Instead of using linear
or mass absorption coefficients to describe the ability of a given absorber material to
remove neutrons from the beam, it is customary to designate only the microscopic
cross section o for the absorbing material. The product o N, where N is the number
of absorber atoms per cm?, is the macroscopic cross section ¥. The removal of
neutrons from the beam is thus given by

I = Ie oM, (5.54)
Neutron cross sections are strongly energy dependent. If removal of a neutron from

the beam may be effected by more than one mechanism, the total cross section is
the sum of the cross sections for the various possible reactions.
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\\é@ EXAMPLE 5.14

In an experiment designed to measure the total cross section of lead for 10-MeV
neutrons, it was found thata 1-cm-thick lead absorber attenuated the neutron flux to
84.5% of its initial value. The atomic weight of lead is 207.21 and its specific gravity

is 11.3. Calculate the total cross section from these data.

Solution

The atomic density of lead is

P 6.02 x 10% atoms/mol 113 % _ 33102 atoms
9207.21 il cm’ cm’
mo
i — e—aNt
Iy
0.845 — ef(rx3.3><1022><1
1
— =33x10%
10.845 e
2
o= O;tg?ns =5.1x 102
3.3 x 1022 x 1cm atom
cm-

o =

5.1 b and the macroscopic cross section is

Z =oN=>5.1x10"% ecm?/atom x 3.3 x 102 atoms/cm® = 0.168 cm ™.

Scattering
Neutrons may collide with nuclei and undergo either inelastic or elastic scattering.
In the former case, some of the kinetic energy thatis transferred to the target nucleus
excites the nucleus and the excitation energy is emitted as a gamma-ray (photon).
This interaction is best described by the compound nucleus model in which the
neutron is captured and then reemitted by that target nucleus together with the
gamma ray (photon). This is a threshold phenomenon; the neutron energy thresh-
old varies from infinity for hydrogen (inelastic scattering cannot occur) to about
6 MeV for oxygen to less than 1 MeV for uranium. Generally, the cross section for
inelastic scattering is small (on the order of 1 b or less) for low-energy fast neutrons,
but it increases with increasing energy and approaches a value corresponding to the
geometric cross section of the target nucleus.

Elastic scattering is the most likely interaction between fast neutrons and low-
atomic-numbered absorbers. This interaction is a “billiard-ball” type collision, in
which kinetic energy and momentum are conserved. By applying these conservation



188

CHAPTER S

laws, it can be shown that the energy E of the scattered neutron after a head-on
collision is

(5.55)

where

E\y = energy of the incident neutron,
m = mass of the incident neutron, and
M = mass of the scattering nucleus.

The energy transferred to the target nucleus is £y — E. From Eq. (5.55), we have

Eo—E=FE |1 M= m\® (5.56)
0 — 0 M+m . .

According to Egs. (5.55) and (5.56), itis possible, in a head-on collision with a hydro-
gen nucleus, for a neutron to transfer all its energy to the hydrogen nucleus. With
heavier nuclei, all the kinetic energy of the neutron cannot be transferred in a single
collision. In the case of oxygen, for example, Eq. (5.56) shows that the maximum
fraction, (Eg— E) = Ey, of the neutron’s kinetic energy that can be transferred dur-
ing a single collision is only 22.2%. This shows that nuclei with small mass numbers
are more effective, on a “per collision” basis, than nuclei with high mass numbers
for slowing down neutrons.

Equations (5.55) and (5.56) are valid only for head-on collisions. Most collisions
are not head-on, and the energy transferred to the target nuclei are consequently
less than the maximum given by the two equations above.

In the course of the successive collisions suffered by a fast neutron as it passes
through a slowing-down medium, the average decrease, per collision, in the loga-
rithm of the neutron energy (which is called the average logarithmic energy decrement)
remains constant. It is independent of the neutron energy and is a function only of
the mass of scattering nuclei. The average logarithmic energy decrement is defined
as

Eo E
& =AlnE =InEy—InE =1In o= —In— (5.57)

and can be shown to be given by

o lna
l—«o

E=1+ (5.58)
where o = [(M — m) /(M + m)]?%, asused in Eq. (5.55). If the slowing-down medium
contains n kinds of nuclides, each of microscopic scattering cross section o, and
average logarithmic energy decrement &, then the mean value of ¢ for the n species
is

Yo 05 NE&i

5= > i1 05N

(5.59)
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and the median fraction of the incident neutron’s energy that is transferred to the
target nucleus during a collision is

E _
f=1——=1-¢7%, (5.60)
Ey
Thus, for hydrogen (§ = 1), the median energy transfer during a collision with a fast
neutron is 63% of the neutron’s kinetic energy. In the case of carbon, § = 0.159, and
an average of only 14.7% of the neutron’s kinetic energy is transferred to the struck
nucleus during an elastic collision. The struck nucleus, as a result of the kinetic
energy imparted to it by the neutron, becomes an ionizing particle and dissipates its
kinetic energy in the absorbing medium by excitation and ionization.

The distance traveled by a fast neutron between its introduction into a slowing-
down medium and its thermalization depends on the number of collisions made by
the neutron and the distance between collisions. Although the actual path of the
neutron is tortuous because of deflections due to collisions, the average straight-
line distance covered by the neutron can be determined,; it is called the fast-diffusion
length, or the slowing-down length. (The square of the fast-diffusion length is called the
Fermi age of the neutron.) The distance traveled by the thermalized neutron until it
is absorbed is measured by the thermal diffusion length. The thermal diffusion length
is defined as the thickness of a slowing-down medium that attenuates a beam of
thermal neutrons by a factor of e. Thus, attenuation of a beam of thermal neutrons
by a substance of thickness ¢ cm whose thermal diffusion length is L cm is given by

n= noe'/L. (5.61)

(The terms fast diffusion length and thermal diffusion length are applicable only to
materials in which the absorption cross section is very small. When this condition is
not met, as in the case of boron or cadmium, the attenuation of a beam of thermal
neutrons is given by Eq. [5.54].) Although fast and thermal diffusion lengths may be
calculated, the assumptions inherent in the calculations make it preferable to use
measured values for these parameters. Values for fast and thermal diffusion lengths
for fission neutrons in certain slowing-down media are given in Table 5-7.

TABLE 5-7. Fast and Thermal Diffusion Lenghts of Selected Materials

FAST DIFFUSION THERMAL DIFFUSION DIFFUSION
SUBSTANCE LENGTH (cm) LENGTH (cm) COEFFICIENT (cm)
H>O 5.75 2.88 0.16
D,O 11 171 0.87
Be 9.9 24 0.50

C (graphite) 17.3 50 0.84
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For the case of a point source of § thermal neutrons per second in a spherically
shaped nonmultiplying medium (a medium which contains no fissile material) of
radius R, thermal diffusion length L, and diffusion coefficient D, the flux of neutrons
escaping from the surface is

S —“R/L
_ 2 _ 5.6
= 1wrD *° (5.62)

\%@

EXAMPLE 5.15

A Pu-Be neutron source that emits 10 neutrons/s is in the center of a spherical
water shield whose diameter is 50 cm. How many thermal neutrons are escaping per
square centimeter per second from the surface of the shield?

Solution

S
give

ince the radius of the water shield is much greater than the fast diffusion length
nin Table 5-7, we may assume (for the purpose of this calculation) that essentially

all the fast neutrons are thermalized and that the thermal neutrons are diffusing
outward from the center. Substituting the appropriate numbers into Eq. (5.62), we

have
b= 105 neutrons/s 25 cm/288em _ g 4 neutrons/s
" 47 x 25 cm x 0.16 cm e cm?
Absorption

The discussion above shows that fast neutrons are rapidly degraded in energy by
elastic collisions if they interact with low-atomic-numbered substances. As neutrons
reach thermal or near thermal energies, their likelihood of capture by an absorber
nucleusincreases. The absorption cross section of many nuclei, as the neutron energy
becomes very small, has been found to be inversely proportional to the square root
of its kinetic energy and thus to vary inversely with its velocity:

0 X —— X —. (5.63)

Equation (5.63) is called the one-overv law for slow neutron absorption. For 1B,
this relationship is valid for the span of energies from 0.02 to 1000 eV, as shown in
Figure 5-25. Thermal neutron cross sections are usually given for neutrons whose
most probable energy is 0.025 eV. If the cross section at energy Ej is oy, then the
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Figure 5-25. Neutron absorption cross sections for boron, showing the validity of the 1/v law for

neutrons from 0.02 to 1000 eV in energy. The equation for the curve is o = 116 (eV)'/2.

cross section for any other energy within the range of validity of the 1/v law is given

g _n_ [B (5.64a)
(o)) v E )

Since neutron energy varies directly with the temperature, Eq. (5.67a) can be written

as

where Ty = 293 K.

67 .
\é@ EXAMPLE 5.16

The cross section of boron for the '’B(n, o) "Lireaction is 753 b for 0.025 eV neutrons.
What is the boron cross section for 50-eV neutrons?

Solution

Substituting into Eq. (5.64a) gives

0.025 eV
o (50 eV) = 753 by 20BNV 58,
50 eV

= /2 5.64b
T ( )
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Some capture reactions of practical importance in health physics include the
following:

"H(n, y)*H o =0.33b (5.65)
UN(n, p)HiC o =1.70b (5.66)
9B (n, &) Li o =4.01x%x10°Db (5.67)
ICd(n, y)'cd o=21x10%b (5.68)

Equations (5.65) and (5.66) are important in neutron dosimetry, since H and N are
major constituents of tissue. Equation (5.67) is important in the design of instru-
ments for measuring neutrons as well as neutron shielding, while the last equation
is important mainly in shielding. It should be noted that the neutron reactions with
hydrogen and with cadmium resultin the emission of high-energy gamma rays, while
the capture of a thermal neutron by !°B releases a low-energy (0.48 MeV) gamma
ray in 93% of the reactions. When a thermal neutron is captured by N, a 0.6-MeV
proton is emitted.

Neutron Activation

Neutron activation is the production of a radionuclide by absorption of a neutron,
such as the n, preaction of Eq. (5.66). In that instance, 4Cis produced. Activation by
neutrons is important to the health physicist for several reasons. First, it means that
any substance that was irradiated by neutrons may be radioactive; a radiation hazard
may therefore persist after the irradiation by neutrons is terminated. Secondly, it
provides a convenient tool for measuring neutron flux. This is done simply by ir-
radiating a known quantity of the material to be activated, measuring the induced
activity, and then, with a knowledge of the activation cross section, computing the
neutron flux. In case of a criticality accident (an accidental attainment of an uncon-
trolled chain reaction), the measurement of induced radioactivity due to neutron
irradiation permits calculation of the neutron dose. The same principle is applied by
the chemist in neutron-activation analysis. This method, which for many elements
is more sensitive than other physical or chemical procedures, involves irradiation of
the unknown sample in a neutron field of known intensity and radiospectrometric
examination of the induced radiation to identify the isotope, which, in turn, helps to
identify the unknown isotope from which it came and the amount of the unknown
in the sample.

If a radionuclide is being made by neutron irradiation and is decaying at the
same time, the net number of radioactive atoms present in the sample at any time
is the difference between the rate of production and the rate of decay. This may
be expressed mathematically by the following activity—balance equation:

net rate of increase of radioactive atoms = production rate — decay rate,

that is,

dN
o =%on— AN, (5.69)
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where

¢ = flux, neutrons/cm? /s,

o = activation cross section, cm?,

A = transformation constant of the induced activity,

N = number of radioactive atoms, and

n = number of target atoms (assumed to remain constant during the

irradiation).

Equation (5.72) is a linear differential equation of exactly the same form as Eq.
(4.32), and may be integrated in a similar manner to yield

AN = ¢on (l — ef“) . (5.70)

In Eq. (5.70), ¢on is sometimes called the saturation activity. For an infinitely long ir-
radiation time, it represents the maximum obtainable activity with any given neutron
flux.

\\%‘@.

EXAMPLE 5.17

A sample containing an unknown quantity of chromium is irradiated for 1 week in a
thermal neutron flux of 10'! neutrons/cm?/s. The resulting *! Cr gamma rays give
a counting rate of 600 counts/min in a scintillation counter whose overall efficiency
is 10%. How many grams of chromium were there in the original sample?

Solution

The reaction in this case is
0Cr 4+ (l)n —S1Cr +y.

The thermal neutron activation cross section for °Cr is 13.5 b, and *°Cr forms
4.31% by number of the naturally occurring chromium atoms. Chromium-51 decays
by orbital electron capture with a half-life of 27.8 days and emits a 0.323-MeV gamma-
ray in 9.8% of the decays. The atomic weight of Cr is 52.01 D.

The activity is given by AN in Eq. (5.70). This equation may therefore be solved
for n, the number of target atoms. Substituting the numerical values into Eq. (5.73),
we have

1Ocounts y 1Odecays _ 1011neutlrons %135
S count cme- - S
0.693
3 Cm2 50 —— X 7 d
x 1072 —— x 0.098 x natoms ’Crx |1 —¢ 27.8d

atom

n=4.7x 10" atoms *°Cr.
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Since the abundance of *°Cr atoms is 4.31%, the total number of Cr atoms in the
sample is

no 4.7 x 10"

= = 1.1 x 10"7Cr atoms
0.0431 0.0431

No. Cr atoms =

Since there are 52.01 g Cr/mol, the weight of chromium in the sample is

1.1 x 10'7 at
X LMY 5901 B =95x 100 g,
6.02 x 1023 atoms/mol mol

SUMMARY

Energy transfer from a radiation field to the absorbing medium is the basis for all
types of radiation effects. Charged particles, including betas, positrons, protons,
and alphas excite or ionize the atoms in the absorbing media by colliding with
their extranuclear electrons. These primary ionizing particles lose a finite amount
of energy in each collision. The average loss per ionization in air or in soft tissue is
34 eV for betasand 35.5 eV for alphas. The linear density of the ions thus produced is
called the specific ionization and is a measure of the rate of energy loss by the primary
ionizing particle. Beta particles have a relatively low specific ionization on the order
of 100 ip/cm in air. Alphas, because of their double charge and their relatively slow
speed, have a high specific ionization, producing on the order of tens of thousands
ion pairs per centimeter air. Successive collisions ultimately lead to the expenditure
of the entire kinetic energy of the primary ionizing particle. The distance traveled in
the absorber until this point is reached is called the range of the ionizing particle, and
itis determined by the energy of the primary ionizing particle and by the nature of
the absorber. If we measure the distance in terms of the density thickness, we find
that the range is approximately independent of the nature of the absorber.

Primary ionizing particles can also interact with the nuclei of the absorbing me-
dia. This interaction is especially important in the case of high-energy betas and
electrons. When this happens, some of the electron’s kinetic energy is converted
into electromagnetic energy that is radiated as X-ray photons called bremsstrahlung.
The production of bremsstrahlung is enhanced by high-atomic-numbered absorbing
media.

The interaction of X-rays and gamma radiation with matter differs qualitatively
from that of alpha and beta particles. Although gamma rays are called ionizing radia-
tions, they are indirectly ionizing. The photons of electromagnetic radiation interact
with the extranuclear electrons in absorbing media by knocking out electrons by
one of two different mechanisms. In one, called Compton scattering, an outer electron
is ejected and the photon, now reduced in energy by the energy imparted to the
electron, is scattered. The ejected electron is called a Compton electron. In the other
mechanism, called photoelectric absorption, the photon knocks out a tightly bound elec-
tron, all the photon’s energy is transferred to the absorbing atom, and the photon
disappears. Some of the photon’s energy is used in freeing the tightly bound electron
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from the atom and the rest of the photon’s energy is converted into kinetic energy
of the ejected photoelectron. If the energy of the photon exceeds 1.02 MeV, an-
other interaction mechanism, called pair production, can occur. In pair production,
the photon interacts with the nucleus of the absorbing atom and all of its energy
is converted into mass through the production of a positron and a negative elec-
tron. The 1.02-MeV threshold energy required for pair production represents the
energy equivalent of the mass of the two newly created particles. Any energy that
the photon may have in excess of 1.02 MeV is transferred to the pair of particles as
kinetic energy. The Compton electrons and photoelectrons as well as the electron
and positron pair become primary ionizing particles and proceed to lose their en-
ergy by ionization and excitation in the media in which they were produced. They
are the agents through which energy is transferred from the X-ray or gamma field
to the absorbing medium. When the positron loses all its kinetic energy, it combines
with a negative electron. The two particles are annihilated and two photons, called
annihilation radiation, of 0.51 MeV are created.

The interactions of alpha and beta radiation are governed by deterministic pro-
cesses and therefore alphas and betas have a finite range and can be completely
stopped. Gamma (photon) interactions, on the other hand, are stochastic events.
Since the interactions are governed by laws of probability, a gamma-ray (photon)
beam does not have a finite range; it can only be reduced in intensity by increas-
ingly thicker absorbers. The fractional reduction in intensity per unit thickness of
absorber is called the attenuation coefficient, while the fractional absorption of energy
from the beam per unit thickness of absorber is called the absorption coefficient of the
absorbing material. Both these coefficients are functions of the photon energy and the
absorber material.

In the context of interaction with matter, neutrons are classified according to their
kinetic energy as thermaland fast. Neutrons are produced through nuclear reactions
and by nuclear fission. All neutrons have kinetic energy when they are produced
and hence may be considered to be fast. These fast neutrons lose energy by colliding
elastically with atoms in their path, and then, after being slowed to thermal energy,
they are captured by nuclei in the absorbing medium. Many nonradioactive isotopes
become radioactive after capturing a neutron. When a hydrogen nucleus is struck by
a fast neutron, the nucleus is knocked out of the atom and becomes a proton, which
is a positively charged, high specific ionization primary ionizing particle. It loses its
kinetic energy by ionization and excitation interactions with the absorber atoms.

PROBLEMS

5.1. The density of Hg is 13.6 g/cm® and its atomic weight is 200.6. Calculate the

number of Hg atoms/cm”.

5.2. The density of quartz (SiO9) crystals is 2.65 g/cm?’. What is the atomic density
(atoms/cm?) of silicon and oxygen in quartz?

5.3. Compare the electronic densities of a 5-mm-thick piece of aluminum and a piece
of iron of the same density thickness.
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5.4.

5.5.

5.6.

5.7.

5.8.

5.9.

5.10.
5.11.

5.12.

5.13.

In surveying a laboratory, a health physicist wipes a contaminated surface and runs
an absorption curve using a thin end window counter and aluminum absorbers.
The range of the beta particles (no gammas were found) was 800 mg/cm? Al
What could the contaminant be? What further studies could be done on the
smear sample to help verify the identification of the contaminant?

A health physicist finds an unknown contaminant that proves to be a pure beta
emitter. To help identify the contaminant, he runs an absorption curve to deter-
mine the maximum energy of the beta particles. He uses an end window G.M.
counter whose mica window (density = 2.7 g/cm?®) is 0.1-mm thick, and he finds
that 1.74-mm Al stops all the beta particles. The distance between the sample and
the G.M. counter was 2 cm. What was the energy of the beta particle? What is the
contaminant?

A 5-MeV photon produces a positron—electron pair in a lead shield. If both par-
ticles are of equal energy, how far will they travel in the shield?

A Compton electron that was scattered straight forward (¢ = 0°) was completely
stopped by an aluminum absorber 460 mg/ cm? thick. What was the

(a) kinetic energy of the Compton electron?
(b) energy of the incident photon?

Monochromatic 0.1-MeV gamma rays are scattered through an angle of 120° by
a carbon block. What is the

(a) energy of the scattered photon?
(b) kinetic energy of the Compton electron?

A 1.46-MeV gamma from naturally occurring *°K is scattered twice: first through
an angle of 30° and then through an angle of 150°. What is the

(a) energy of the photon after the second scattering?
(b) energy of the scattered photon if the angular sequence is reversed?
What is the energy of the Compton edge for the 0.661-MeV gamma from '*7Cs?

The energy of a scattered photon is 0.2 MeV after it was scattered through an
angle of 135°. What was the photon’s energy before the scattering collision?

What is the energy of the Compton edge for the following gammas:
(a) 0.136 MeV from °’Co,

(b) 0.811 MeV from *8Co, and

(c) 1.33 MeV from *°Co.

The following gamma-ray absorption data were taken with lead absorbers:

thickness (mm) 0 2 4 6 8 10 15 20 25

counts/min 1000 | 880 | 770 | 680 | 600 | 530 | 390 | 285 | 210

(a) Determine the linear, mass, and atomic attenuation coefficients.

(b) What was the energy of the gamma ray?
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5.14. The following absorption data were taken with aluminum absorbers:

thickness (mm) | O 0.2]104]106(08] 1 1.2 1.4 (1612 |4]8]|15[20|28

counts/min | 1000 | 576|348 | 230 [ 168|134 | 120|107 | 96 | 95| 90|82 | 68|60 |50

(a) Plot the data. What types of radiation does the curve suggest?
(b) If a beta particle is present, what is its energy?

(c) If a gamma ray is present, what is its energy?

(d) What isotope is compatible with the absorption data?

(e) Write the equation that fits the absorption data.

5.15. A collimated gamma ray beam consists of equal numbers of 0.1-MeV and 1.0-MeV
photons. If the beam enters a 15-cm-thick concrete shield, what is the relative
portion of 1-MeV photons to 0.1-MeV photons in the emergent beam?

5.16. Three collimated gamma-ray beams of equal flux, whose photon energies are 2,
5, and 10 MeV, respectively, pass through 5-cm thick lead. What is the ratio of the
emergent fluxes?

5.17. A collimated beam of 0.2-MeV gamma radiation delivers an incident energy flux
of 2]/m2/s to a lead shield 1 g/cm2 thick. What is the

(a) incident photon flux, photons/cmg/s?
(b) rate of energy absorption in the shield, erg/g/s and J/kg/s?

5.18. Calculate the thickness of Al and Cu required to attenuate narrow, collimated,
monochromatic beams of 0.1-MeV and 0.8-MeV gamma rays to

(a) one-half the incident intensity (HVL),

(b) one-tenth the incident intensity (TVL). Express the answers in cm and in
g/ cm?.

(c) Whatis the relationship between an HVL and a TVL?

5.19. The mass attenuation coefficient of muscle tissue for 1-MeV gamma radiation is
0.070 Cm2/g. What is the mean free path of a 1-MeV photon in muscle?

5.20. A laminated shield consists of two layers each of alternating thickness of alu-
minum and lead, each layer having a density thickness of 1.35 g/cm?. The shield
is irradiated with a narrow collimated beam of 0.2-MeV photons.

(a) What is the overall thickness of the laminated shield, in cm?
(b) Calculate the shield attenuation factor when

(i) the aluminum layer is first.

(ii) the lead layer is first.

5.21. Calculate the probability that a 2-MeV photon in a narrow, collimated beam will
be removed from the beam by each of the following shields:

(a) Lead, 1-cm thick
(b) Iron, 1-cm thick
(c) Lead, 1 g/cm2 thick
(d) Iron, 1 g/cm? thick
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5.22.

5.23.

5.24.

5.25.

5.26.

5.27.

5.28.

5.29.

5.30.

Calculate the gamma-ray threshold energy for the reaction ''C(n, y)'2C, if the
prompt capture gamma ray is 21.5 MeV.

X-rays are generated as bremsstrahlung by causing high-speed electrons to be
stopped by a high-atomic-numbered target, as shown in the figure below. If the
electrons are accelerated by a constant high voltage of 250 kV and if the electron
beam current is 10 mA, calculate the X-ray energy flux at a distance of 1 m from
the tungsten target. Neglect absorption by the glass tube and assume that the
bremsstrahlung is emitted isotropically.

Torget (onode)

4+
High
voltage

Gloss envelope
Heater

If the most energetic photon results from the instantaneous stopping of an elec-
tron in a single collision, what voltage must be applied across an X-ray tube in
order to generate X-rays whose shortest wavelength approaches 0.124 A?

A beta particle whose kinetic energy is 0.159 MeV passes through a 4 mg/cm2
window into a helium-filled Geiger tube. How many ion pairs will the beta particle
produce inside the tube?

If the neutron emission rate from 22Cf is 2.31 x 10° neutrons/s/ug, and the
transformation rate constant for alpha emission is 0.25 yr~!, what is the neutron
emission rate per MBq and per pCi?

Calculate the speed of a “slow” neutron whose kinetic energy is 0.1 eV. To what
temperature does this energy correspond?

When ?Be is irradiated with deuterons, neutrons are produced according to the
reaction ?Be(d, n)'°B. The cross section for this reaction for 15-MeV deuterons
is 0.12 b. What is the neutron flux at a distance of 25 cm from a 1-g Be target
that is irradiated with a 100-uA beam of deuterons, 1.13-cm diameter, assuming
an isotropic distribution of neutrons?

What is the thickness of Cd that will absorb 50% of an incident beam of thermal
neutrons? The capture cross section for the element Cd is 2550 b for thermal
neutrons; the specific gravity of Cd is 8.65 and its atomic weight is 112.4 D.

A small *Sb gamma-ray source, whose activity is 3.7 x 10'° Bq (1 Gi), is completely
surrounded by a 25-g sphere of Be. Calculate the number of neutrons/s from the
9Be(y, n)®Be reaction if the cross section is 1 mb, and if the diameter of the
spherical cavity enclosing the gamma ray source is 1 cm.
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5.31. Cadmium is used as a thermal neutron shield in an average flux of 102
neutrons/cm?/s. How long will it take to use up 10% of the '*Cd atoms?

5.32. The cross section for the **S(n, p)**P reaction is 300 mb for neutron energies
greater than 2.5 MeV. How many microcuries of **P activity can we expect if
100-mg 328 is irradiated in a fast flux of 102 neutrons/cm? /s for 1 week?

5.33. If the absorption coefficient of the high-energy component of cosmic radiation is
2.5 x 107® m~! of water, calculate the reduction in intensity of these cosmic rays
at the bottom of the ocean, at the depth of 10,000 m.

5.34. If deuterium is irradiated with 2.62-MeV gamma rays from 2°*T1 (ThC”), the nu-
cleus disintegrates into its component parts of 1 proton and 1 neutron. If the
neutron and proton each has 0.225 MeV of kinetic energy, and if the proton has
a mass of 1.007593 amu, calculate the mass of the neutron.

5.35. A beam of fast neutrons includes two energy groups. One group, of 1-MeV neu-
trons, includes 99% of the total neutron flux. The remaining 1% of the neutrons
have an energy of 10 MeV.

(a) What will be the relative proportions of the two groups after passing through
25 cm of water?

(b) Whatwould be the relative proportion of the two groups after passing through
a slab of lead of the same density thickness? The removal cross sections are

as follows:
CROSS SECTION (BARNS)
1-MeV Neutrons 10-MeV Neutrons
H 4.2 0.95
@] 8 1.5
Pb 55 5.1

5.36. Boral is an aluminum boron carbide alloy used as a shield against thermal
neutrons. If the boron content is 35% by weight and if the density of boral is
2.7 g/cm?, calculate the half-thickness of boral for thermal neutrons at room tem-
perature. The capture cross sections are: boron = 755 b, aluminum = 230 mb,
carbon = 3.2 mb.

5.37. The scattering cross sections for N and O for thermal neutrons are 10 and 4.2 b,
respectively.

(a) Calculate the macroscopic cross section for air at STP. Air consists of 79 volume
percent nitrogen and 21 volume percent oxygen.

(b) What is the scattering mean free path of thermal neutrons in air?

5.38. How many scattering collisions in graphite are required to reduce the energy of
2.5-MeV neutrons to

(a) 0.1% of the initial energy?
(b) 0.025 eV?

5.39. A cobalt foil, 1 cm (diameter) x 0.1 mm (thickness), is irradiated in a mean
thermal flux of 1 x 10'! neutrons/cm? /s for a period of 7 days. If the activation
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5.40.

5.41.

5.42.
5.43.

5.44.

5.45.
5.46.

5.47.

5.48.

cross section is 36 b and if the density of cobalt is 8.9 g/cm?, what is the activity,
in becquerels and in microcuries, at the end of the irradiation period? Note that
natural cobalt is 100% **Co.

Type 304 stainless steel consists of 71% (weight percent) Fe, 19% Cr, and 10% Ni.
The isotopic abundance, percentage, and the respective 2200 m/s capture cross
sections (barns) of each of the elements are given below:

Fe Cr Ni

A  Abun.(%) oc(b) A Abun.(%) oc(b) A Abun. (%) oc (b)

54 5.84 2.9 50 4.31 17 58 67.76 4.4
56 91.68 2.7 52 83.76 0.8 60 21.16 2.6
57 2.17 2.5 53 9.55 18 61 1.25 2
58 0.31 1.1 54 2.38 0.38 62 3.66 15
64 1.16 1.5

(a) Calculate the macroscopic capture cross section.

(b) If a I-cm-diameter collimated beam of 2200 m/s neutrons is incident on a
2-mm-thick sheet of type 304 stainless steel, how many neutrons per second
will be captured if the flux is 5 x 10'" neutrons/cm?2/s?

A 1-M solution of boric acid, HsBOs, is irradiated for 7 days in a thermal neutron
flux of 10" neutrons/cm?/s at a temperature of 40°C. What is the concentration
of Li, moles per liter, after the irradiation?

How far in standard air will the 5.5-MeV alpha particle from **! Am travel?

What is the range in soft tissue of betas from

(a) MC (En = 0.156 MeV)

(b) **P (E,, = 1.71 MeV)

(c) Y (Ey = 2.273 MeV)

Each of the following photons undergoes a Compton scattering in which the max-

imum energy is transferred to the electron. Calculate the energy of the scattered
electron and the percent energy loss suffered by each photon.

(a) 2MeV

(b) 0.2 MeV

(c) 0.02 MeV

What is the shortest wavelength of X-rays from a 250-kV machine?

An X-ray machine with a tungsten target is operated at 250-kV constant potential
and a beam current of 25 mA. At what rate must heat be removed from the target
in order to have an insignificant temperature rise? Express the answer in Joules
per second and in calories per second.

The hydrogen capture cross section for thermal neutrons is 0.33 b, and for oxygen
the capture cross section is 2 x 10™* b. What is the macroscopic capture cross
section for water, cm~!?

Trace amounts of La (lanthanum), A = 139, will be investigated by irradiating a
10-g soil sample in a thermal neutron flux of 10'2 neutrons/cm?/s for 14 days,
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and determining the induced "’La. If the '*’La activity was found to be 10 Bq 1
hour after the end of the irradiation time, calculate the La concentration in the
soil in units of ug or g and ppm (pats per million by weight). Given:

1%9La abundance = 100%
o (activation) =9b
Tie (MLa) = 1.7 days
5.49. A 1.33-MeV %Co photon is backscattered 180°. Calculate
(a) the energy of the backscattered photon and
(b) the Compton edge.
5.50. A 0.321-MeV 5!Cr photon is backscattered 180°. Calculate
(a) the energy of the backscattered photon and
(b) the Compton edge.
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RADIATION
DOSIMETRY

UNITS

During the early days of radiological experience, there was no precise unit of radi-
ation dose that was suitable either for radiation protection or for radiation therapy.
For purposes of radiation protection, a common “dosimeter” used was a piece of
dental film with a paper clip attached. A daily exposure great enough just to pro-
duce a detectable shadow, called a “paper-clip” unit, was considered a maximum
permissible dose. For greater doses and for therapy purposes, the dose unit was fre-
quently the “skin erythema unit.” Because of the great energy dependence of these
dose units as well as other inherent shortcomings, neither of these two units could
be biologically meaningful or useful either in the quantitative study of the biological
effects of radiation or for radiation safety purposes. Furthermore, since the fraction
of the energy in a radiation field that is absorbed by the body is energy dependent,
it is necessary to distinguish between radiation exposure and radiation absorbed dose.

Absorbed Dose
Gray

Radiation damage depends on the absorption of energy from the radiation and
is approximately proportional to the mean concentration of absorbed energy in
irradiated tissue. For this reason, the basic unit of radiation dose is expressed in
terms of absorbed energy per unit mass of tissue, that is,

radiation absorbed dose = —. (6.1)
Am

The unit for radiation absorbed dose in the SI system is called the gray (Gy) and is
defined as follows:
One gray is an absorbed radiation dose of one joule per kilogram.

J
1Gy=1=. :
Gy i (6.2)
203
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The gray is universally applicable to all types of ionizing radiation dosimetry—
irradiation due to external fields of gamma rays, neutrons, or charged particles
as well as that due to internally deposited radionuclides.

rad (Radiation Absorbed Dose)

Before the introduction of the SI units, radiation dose was measured by a unit called
the rad.

One rad is defined as an absorbed radiation dose of 100 ﬁ.
1rad = 100 &8°, (6.3a)
g
Since 1] = 107 ergs, and since 1 kg = 1000 g,
1 Gy = 100 rads. (6.3b)
lrad = 0.01 Gy = 1 centigray (cGy). (6.3¢c)

Although the gray is the newer unit and will eventually replace the rad, the rad and
its derivatives nevertheless continue to be useful units and are used in the official
radiation safety regulations in the United States.

Itis important to understand that radiation absorbed dose concept, the gray and
the rad, is a macroscopic construct and is not intended for microdosimetry on the
cellular or subcellular levels. Radiation absorbed dose has been found to be cor-
related with biomedical effects on the tissue, organ, and organism levels and thus
is appropriate for radiation safety measurements and for medical diagnostic and
therapeutic uses of radiation. The radiation absorbed dose concept implies that the
absorbed energy is uniformly distributed throughout the entire mass of the tissue
of interest. On the cellular and subcellular levels that are of interest to molecular
biologists, the biological effects are proportional to the number and types of in-
tramolecular bonds that are broken rather than to the concentration of absorbed
energy within the cell. On the tissue level, the number of such intramolecular breaks
in the tissue is proportional to the radiation absorbed dose. The distinction between
microdosimetry and radiation absorbed dose may be illustrated with the following
thought experiment.

\%@

EXAMPLE 6.1

Consider a single cell, with dimensions 10 um x 10 um x 10 um and mass = 10712
kg, in a tissue of weight 0.1 g, in which a low LET particle, 1 keV/um, transfers
1 keV to the cell as it passes through the cell. Calculate the radiation absorbed
dose to the tissue.
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Solution

The radiation absorbed dose to the tissue is calculated as

G
10keV x 1.6 x 10716 —kJV x 1—/ky
radiation absorbed dose (tissue) = - < J/kg
1x 107" kg

=16 x 107" Gy,

which is an infinitesimally small dose. However, if the absorbed dose were to be
(erroneously) applied to the single cell, the calculated dose would be

10keV x 1.6 x 10-16 I 5 Gy - kg/J
radiation absorbed dose (cell) = 1;<eV
1x107"" kg

=1.6 x 107° Gy.

EXTERNAL EXPOSURE

X- and Gamma Radiation

Exposure Unit

For external radiation of any given energy flux, the absorbed dose to any region
within an organism depends on the type and energy of the radiation, the depth within
the organism at the point at which the absorbed dose is required, and elementary
constitution of the absorbing medium at this point. For example, bone, consisting
of higher-atomic-numbered elements (Ca and P) than soft tissue (C, O, H, and
N), absorbs more energy from an X-ray beam per unit mass of absorber than soft
tissue. For this reason, the X-ray fields to which an organism may be exposed are
frequently specified in exposure units. The exposure unit is a radiometric unit rather
than a dosimetric unit. That is, it is a measure of the photon fluence and is related
to the amount of energy transferred from the X-ray field to a unit mass of air. If
the amount of exposure, measured in exposure units, is known, then knowing the
energy of the X-rays and the composition of the irradiated medium, we can calculate
the absorbed dose to any part of the irradiated medium.

One exposure unit is defined as that quantity of X- or gamma radiation that
produces, in air, ions carrying one coulomb of charge (of either sign) per
kilogram of air. It does not have a special name, and is being called an “X unit”
in this textbook for convenience.

1 X unit = 1 C/kg air. (6.4)

The exposure unit is based on ionization of air because of the relative ease with
which radiation-induced ionization can be measured. At quantum energies less than
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several kilo electron volts and more than several mega electron volts, it becomes
difficult to fulfill the requirements for measuring the exposure unit. Accordingly,
the use of the exposure unit is limited to X- or gamma rays whose quantum en-
ergies do not exceed 3 MeV. For higher energy photons, exposure is expressed in
units of watt-seconds per square meter and exposure rate is expressed in units of
watts per square meter. The operational definition of the exposure unit may be
converted into the more fundamental units of energy absorption per unit mass of
air by using the fact that the charge on a single ion is 1.6 x 107! C and that the
average energy dissipated in the production of a single ion pair in air is 34 eV.
Therefore,

.
1 X unit = 1 Zairx ——2 34 V6% 1079
kg 1.6 x 107" C ion eV
«1-2Y _ 34.Gy (in air) (6.5)
—_— = 1m air). .
J/kg ’

It should be noted that the exposure unit is an integrated measure of exposure
and is independent of the time over which the exposure occurs. The strength of an
X-ray or gamma-ray field is usually expressed as an exposure rate, such as coulombs
per kilogram per hour. The total exposure, of course, is the product of exposure
rate and time.

Roentgen

Formerly, before the SI system was introduced, the unit of X-ray exposure was
called the roentgen and was symbolized by R. The roentgen was defined as that
quantity of X-or gamma radiation that produces ions carrying one statcoulomb (sC)
(1sC = 3 x 10° C) of charge of either sign per cubic centimeter of dry air at 0°C and
760 mm Hg:

1R = 1sC/cm?®. (6.6)

Since 1 ion carries a charge of 4.8 x 1071° sC and the mass of 1 cm® of standard air
is 0.001293 g, we can calculate the dose to the air from an exposure of 1 R:

1 cm? ai 1i \
1R = 15C/em?® air x i O X 34—
1.29 x 107° g/cm® air 4.8 x 107" sC ion

_19 €Ig 1 rad

x1.6 x 10 s X erg

¢ 100—

1R = 0.877rad (to air).

When exposure is measured in roentgens, X-ray or gamma-ray field strength is mea-
sured in units such as roentgens per minute or milliroentgens per hour. (A mil-
liroentgen, which is symbolized by “mR,” is equal to 0.001 R.)
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The relationship between the coulomb per kilogram exposure unitand the roent-
gen may be calculated as follows:

k: 1k
g I/K8 o erss  1kg

C/k 1000 R
A erjs/ 5= 3881 C/k
g7.7 S18%/8 /ks
R
or
1 X unit = 3881 R. (6.7a)
1R = (1/3881)X unit = 2.58 x 10~* X unit. (6.7b)

6 .
\é@' EXAMPLE 6.2

Health physics measurements of X-ray and gamma ray fields are usually made
in units of milliroentgen per hour. If a health physicist finds a gamma ray field of
1 mR/h, what is the corresponding exposure expressed in SI units?

Solution

According to Eq. (6.7b),

mR s R 4 _5 C
1 — x1077— =258 x 107" x 107" —
h mR kg
C C
1 mR/h = 2.58 x 107 — = 0.958 2~
kg h

Exposure Measurement: The Free Air Chamber

The operational definition of the exposure unit can be satisfied by the instrument
shown in Figure 6-1. The X-ray beam enters through the portal and interacts with the
cylindrical column of air defined by the entry port diaphragm. All the ions resulting
from interactions between the X-rays and the volume of air (A-B-C-D), which is
determined by the intersection of the X-ray beam with the electric lines of force from
the edges of the collector plate C, is collected by the plates, causing current to flow in
the external circuit. Most of these collected ions are those produced as the primary
ionizing particles lose their energy by ionizing interactions as they pass through the
air. (The primary ionizing particles are the Compton electrons and the photoelec-
trons resulting from the interaction of the x-rays (photons) with the air.) The guard
ring G and the guard wires W help to keep these electric field lines straight and
perpendicular to the plates. The electric field intensity between the plates is on the
order of 100 V/cm—high enough to collect the ions before they recombine but not
great enough to accelerate the secondary electrons produced by the primary ioniz-
ing particles to ionizing energy. The guard wires are connected to a voltage-dividing
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Figure 6-1. Schematic diagram of a parallel-plate ionization chamber. (From Design of Free Air lon-
lzation Chamber. Washington, DC: National Bureau of Standards; 1957. NBS Handbook 64.)

network to ensure a uniform potential drop across the plates. The number of ions
collected because of X-ray interactions in the collecting volume is calculated from
the current flow and the exposure rate, in roentgens per unit time, is then computed.
For the exposure unit to be measured in this way, all the energy of the primary elec-
trons must be dissipated in the air within the meter. This condition can be satisfied
by making the air chamber larger than the maximum range of the primary elec-
trons. (For 300-keV X-rays, the spacing between the collector plates is about 30 cm
and the overall box is a cube of about 50-cm edge.) The fact that many of the ions
produced as a consequence of X-ray interactions within the sensitive volume are not
collected is of no significance if as many electrons from interactions elsewhere in the
X-ray beam enter the sensitive volume as leave it. This condition is known as electronic
equilibrium. When electronic equilibrium is attained, an electron of equal energy en-
ters into the sensitive volume for every electron that leaves. A sufficient thickness of
air, dimension [ in Figure 6-1, must be allowed between the beam entrance port and
the sensitive volume in order to attain electronic equilibrium. For highly filtered
250-kV X-rays, 9 cm of air is required; for 500-kV X-rays, the air thickness required
for electronic equilibrium in the sensitive volume increases to 40 cm.

Under conditions of electronic equilibrium and assuming negligible attenuation
of the X-ray beam by the air in length /, the ions collected from the sensitive volume
result from primary photon interactions at the beam entrance port; the measured
exposure, consequently, is at that point and not in the sensitive volume. Free air
chambers are in use that measure the quantity of X-rays whose quantum energies
reach as high as 500 keV. Higher energy radiation necessitates free air chambers
of much greater size. The technical problems arising from the use of such large
chambers make it impractical to use the free air ionization chamber as a primary
measuring device for quantum energies in excess of 500 keV. These problems in-
clude recombination of ions in the large chamber before they can be collected and
secondary ionization due to acceleration of the initial ions by the great potential
difference required for large chambers.
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The use of the free air ionization chamber to measure X-ray exposure rate in
coulombs per kilogram per second may be illustrated by the following example:

i
\\é@' EXAMPLE 6.3

The opening of the diaphragm in the entrance port of a free air ionization chamber
is 1 cm in diameter, and the length AB of the sensitive volume is 5 cm. A 200-kV
X-ray beam projected into the chamber produces a steady current in the external
circuit of 0.01 uA. The temperature at the time of the measurement was 20°C and
the pressure was 750 mm Hg. What is the exposure rate in this beam of X-rays?

Solution

A current of 0.01 A corresponds to a flow of electrical charge of 107® C/s. The
sensitive volume in this case, 7 x (0.5 cm)?x 5 cm = 3.927 cm®. When the pressure
and temperature are corrected to standard conditions, we have

. 1075 C/s 293 760
X = kg 273 750
3.927 cm® x 1.293 x 1070 —5.
cme
K
— o914 x 10325

S

In the traditional system of units, this exposure rate corresponds to

3 C/k R
2.14 x 10*5% x 3.881 x 10° =8.31—.
S S

C/kg

Exposure Measurement: The Air Wall Chamber

The free air ionization chamber described above is practical only as a primary lab-
oratory standard. For field use, a more portable instrument is required. Such an
instrument could be made by compressing the air around the measuring cavity. If
this were done, then the conditions for defining the exposure unit would continue
to be met. In practice, of course, it would be quite difficult to construct an instru-
ment whose walls were made of compressed air. However, it is possible to make
an instrument with walls of “air-equivalent” material—that is, a wall material whose
X-ray absorption properties are very similar to those of air. Such a chamber can be
builtin the form of an electrical capacitor; its principle of operation can be explained
with the aid of Figure 6-2.

The instrument consists of an outer cylindrical wall, about 4.75-mm thick, made
of electrically conducting plastic. Coaxial with the outer wall, but separated from
it by a very high-quality insulator, is a center wire. This center wire, or central an-
ode, is positively charged with respect to the wall. When the chamber is exposed to
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Figure 6-2. Non-self-reading condenser-type pocket ionization chamber.

X-radiation or to gamma radiation, the ionization, which is produced in the mea-
suring cavity as a result of interactions between photons and the wall, discharges
the condenser, thereby decreasing the potential of the anode. This decrease in the
anode voltage is directly proportional to the ionization produced in the cavity, which
in turn is directly proportional to the radiation exposure. For example, consider the
following instance:

6 .
\%é@' EXAMPLE 6.4

Given

chamber volume = 2 cm?,

chamber is filled with air at STP,

capacitance = 5 pF,

voltage across chamber before exposure to radiation = 180V,
voltage across chamber after exposure to radiation = 160 V, and
exposure time = 0.5 h.

Calculate the radiation exposure and the exposure rate.

Solution
The exposure is calculated as follows:

CxAV=AQ (6.8)

where

C = capacitance, farads
V = potential, volts
Q = charge, coulombs

5x 1072F x (180 —160) V=1 x 1071°C.
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Since one exposure unitis equal to 1 C/kg, the exposure measured by this cham-
ber is

1x10719C

= 3.867 x 10—55,
kg

2 cm? x 1,203 x 10-6—5.
cm-

which corresponds to

-5 C R _ _
3.867 x 10 kg x 3881 C/kg = 0.150 R = 150 mR,

and the exposure rate was

3.867 x 107° C/kg
0.5h

mR
or 300 —.
h

6 C/kg

=773x%x10" =773

nC/kg
h

A chamber built according to this principle is called an “air wall” chamber. When
such a chamber is used, care must be taken that the walls are of the proper thickness
for the energy of the radiation being measured. If the walls are too thin, an insuffi-
cient number of photons will interact to produce primary electrons; if they are too
thick, the primary radiation will be absorbed to a significant degree by the wall and
an attenuated primary-electron fluence will result.

The determination of the optimum thickness may be illustrated by an experiment
in which the ionization produced in the cavity of an ionization chamber is measured
as the wall thickness is increased from a very thin wall until it becomes relatively thick.
When this is done and the cavity ionization is plotted against the wall thickness, the
curve shown in Figure 6-3 results.

Since the cavity ionization is caused mainly by primary electrons resulting from
photon (gamma-ray) interactions with the wall, increasing the wall thickness allows
more photons to interact, thereby producing more primary electrons, which ionize
the gas in the chamber as they traverse the cavity. However, when the wall thickness
reaches a point where a primary electron produced at the outer surface of the wall
is not sufficiently energetic to pass through the wall into the cavity, the ionization
in the cavity begins to decrease. The wall thickness at which this just begins is the
equilibrium wall thickness.

As the wall material departs from air equivalence, the response of the ionization
chamber becomes energy dependent. By proper choice of wall material and thick-
ness, the maximum in the curve of Figure 6-3 can be made quite broad, and the
ionization chamber, as a consequence, can be made relatively energy independent
over awide range of quantum energies. In practice, this approximately flat response
spans the energy range from about 200 keV to about 2 MeV. In this range of en-
ergies, the Compton effect is the predominant mechanism of energy transfer. For
lower energies, the probability of a Compton interaction increases approximately
in direct proportion to the wavelength, while the probability of a photoelectric
interaction is approximately proportional to the cube of the photon’s wavelength.
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Relative ionization
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Figure 6-3. lon pairs per unit volume as a function of wall thickness. The ionization chamber in this
case was made of pure carbon and was a 20-mm long cylinder with an inside diameter of 20 mm.
(Reproduced with permission from Mayneord WV, Roberts JE. An attempt at precision measurements
of gamma rays. BrJ Radiol. 1937;10(113):365-386.)

The total number of primary electrons increases and therefore the sensitivity of
the chamber also increases; the increased sensitivity, however, reaches a peak as the
quantum energy decreases and then, because of the severe attenuation of the inci-
dent radiation by the chamber wall, the sensitivity rapidly decreases. These effects
are shown in Figure 6-4, a curve showing the energy correction factor for a pocket
dosimeter.

For quantum energies greater than 3 MeV, neither coulombs per kilogram nor
roentgen is used as the unit of measurement of exposure. This is due to the fact
that the high energy, and consequently the long range of the primary electrons pro-
duced in the wall, makes it impossible to build an instrument that meets the criteria
for measuring the exposure. Because of the long range of the primary electrons,

100 —

% of radium sensitivity
3
[

60 }—

] Lo oyl I Lo L aadd
0.01 0.05 0.1 0.5 1
Effective energy (MeV)

Figure 6-4. Energy dependence characteristics of the pocket dosimeter shown in Figure 9-18.
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Figure 6-5. Fractional number of photons transmitted through an air wall of thickness equal to the
maximum range of the secondary electrons. (From Protection Against Betatron-Synchrotron Radia-
tions up to 100 Million Electron Volts. Washington, DC: US Government Printing Office; 1955. NBS
Handbook 55.)

very thick walls are necessary. However, when the walls are sufficiently thick, on the
basis of the range of the primary electrons, they attenuate the photons (gamma
radiation) to a significant degree, as shown in Figure 6-5. Under these conditions,
it is not possible to attain electronic equilibrium since the radiation intensity within
the wall is not constant and the primary electrons, consequently, are not produced
uniformly throughout the entire volume of wall from which they may reach the
cavity.

Exposure—Dose Relationship

The air-wall chamber, as the name implies, measures the energy absorption in air.
In most instances, we are interested in the energy absorbed in tissue. Since energy
absorption is approximately proportional to the electronic density of the absorber in
the energy region where exposure units are valid, it can be shown that the tissue dose
is not necessarily equal to the air dose for any given radiation field. For example, if
we consider muscle tissue to have a specific gravity of 1 and to have an elementary
composition of 5.98 x 10%2 hydrogen atoms per gram, 2.75 x 1022 oXygen atoms per
gram, 0.172 x10% nitrogen atoms per gram, and 6.02 x 10%! carbon atoms per gram,
then the electronic density is 3.28 x 10* electrons per gram. For air, whose density is
1.293 x107° g/cm?, the electronic density is 3.01 x10* electrons/gram. The energy
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absorption, in joules per kilogram of tissue, corresponding to an exposure of 1 C/kg
air is, therefore,

3.
ﬁ x 34 i air = 37i tissue.
3.01 kg kg

This value agrees very well with calorimetric measurements of energy absorption by
soft tissue from an exposure of 1 C/kg air. By analogy, an exposure of 1 R, which
corresponds to 87.7 ergs/g of air, leads to an absorption of 95 ergs/g muscle tissue.
This tissue dose from a 1-R exposure is very close to the tissue dose of 100 ergs/g,
which corresponds to 1 rad. For this reason, an exposure of 1 R is frequently consid-
ered approximately equivalent to an absorbed dose of 1 rad, and the unit “roentgen”
is loosely (but incorrectly) used to mean “rad.” Because of this simple approximate
one-to-one relationship of the roentgen to the rad, the roentgen continues to be
used. To be up to date vis-a-vis measurement units, an exposure of 1 Ris often called
a dose of 1 centigray (cGy).

The exposure unit bears a simple quantitative relationship to the dosimetric
unit (the gray or the rad) that permits the calculation of absorbed dose in any
medium whose exposure (in coulombs per kilogram or statcoulombs per cubic
centimeter air) is known. This relationship may be illustrated by the following
example.

\%@

EXAMPLE 6.5

Consider a gamma-ray beam of quantum energy 0.3 MeV. If the photon flux is 1000
quanta/ch/s and the air temperature is 20°C, what is the exposure rate at a point
in this beam and what is the absorbed dose rate for soft tissue at this point?

Solution

From Figure 5-20, the linear energy absorption coefficient for air, p,, at STP, for
300-keV photons is found to be 3.46 x 10~° cm™'. The exposure rate, X, in G/kg/s

ina

photon flux ¢ is given by

J

hot MeV
P o(ons X E ¢ x 1.6 x 1071° —— x Mair/ cm
¥ - cm?/s photon MeV
a kg J/kg ’
Pair (5 X 3% Crkg (6.9)
re

whe

M, is the linear energy absorption coefficient for air for the photon energy and
P4 1s the density of air.
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The radiation absorbed dose rate from this exposure is given by

hot: MeV
O E—— x 1.6 x 105 em !
b— cm® - s photon MeV
kg J/kg ’
pmig x ==
cm Gy
where

Mm is the linear energy absorption coefficient of the medium and
pm is the density of the medium.

Substituting the appropriate numerical values into Eq. (6.9), we have
10% x 0.3 x 1.6 x 10713 x 3.46 x 107°
(1.293 x 1076 x 213) x 34

203
C/kg
-

X =4x107!

Since health physics measurements are usually given in units of per hour, this expo-
sure rate corresponds to

C/k . C/k
4 x 10*11& x 8.6 x 105% =15x 10*7%
S

nG/kg
=0.15 .
h
. nC . .. ..
Since 0.258 o = 1 mR, the exposure rate expressed in traditional units is
g
. C/k 1 mR R
R=0.15M£gx m c:0'58mT
0.258 1~
kg

The absorbed dose rate, in grays per second, is given by Eq. (6.10) as

1

photons MeV
x E

161079 B
o ? cm? - s photon S Mey ~ Hm
D=
o B 1/ke
™ em3 Gy

The ratio of absorbed dose rate to the exposure dose rate is given by the ratio of
Eq. (6.10) to Eq. (6.9):

D (pxEx1.6x107" X fimed) /Pmed

X

(¢ x Ex 1.6 x 107" x ;)
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The absorbed dose rate, in Gy per unit time, resulting from an exposure of X C/kg

per unit time, therefore is

1

Mmed CI
g
G G Pmed 3 C/k
Y — 342 « em® [ xC7k8
" time C time
k_g Mair Cm_l
Pair m

Since the mass absorption coefficient is given by Eq. (5.28) as

_ Mlinear
Mmass = s

2
Eq. (6.10) may be written as

D Gy — 34 GY > Mmedium > X C/kg
’ C/kg Kair ) mass time

(6.10)

(6.12a)

Equation (6.12a) is also applicable to the calculation of the absorbed dose if the

exposure dose is used instead of the exposure dose rate.

To obtain a dose in rads to any medium when the exposure is given in roentgens,

we use the analogous expression

877 (/‘Lmedium )
rads = X X roentgens.
100 Mair mass

6 .
\\é@ EXAMPLE 6.6

(6.12b)

What is the radiation absorbed dose corresponding to an exposure dose of

25.8 nC/kg (100 mR) from 300-keV photons?

Solution

When the value for the energy absorption coefficient for muscle tissue for
0.3-MeV photons, tUmedium = 0.0317 Cmg/g and ,; = 0.0288 CmQ/g, from Table

5-4, are substituted into Eq. (6.12a), we have

Gy XO.0317cm2/g
C/kg =~ 0.0288 cm?2/g

= 0.97 mGy = 97 mrads.

Dose = 34

C
x 258 x107° — =9.7 x 107* Gy
kg
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Figure 6-6. Energy absorption per X unit (coulomb per kilogram) exposure for several tissues.
(Adapted with permission from Glasser O. Medical Physics. Vol 2. Chicago, IL: Year Book Medical
Publishers, Inc; 1950.)

Equations (6.12a) and (6.12b) show that the radiation dose absorbed from any
given exposure is determined by the ratio of the mass absorption coefficient of the
medium to that of air. In the case of tissue, the ratio of dose to exposure remains ap-
proximately constant over the quantum energy range of about 0.1-10 MeV because
the chief means of interaction between the tissue and the radiation is Compton
scattering, and the cross section for Compton scattering depends mainly on elec-
tronic density of the absorbing medium. In the case of lower energies, photoelectric
absorption becomes important, and the cross section for this mode of interaction
increases with atomic number of the absorber. As a consequence of this dependence
on atomic number, bone, which contains approximately 10% by weight of calcium,
absorbs much more energy than soft tissue from a given air dose of low-energy
X-rays. This point is illustrated in Figure 6-6, which shows the number of joules per
kilogram absorbed per coulomb per kilogram of exposure for fat, muscle, and bone
as a function of quantum energy.
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Absorbed Dose Measurement: Bragg—Gray Principle

If a cavity ionization chamber is built with a wall material whose radiation absorption
properties are similar to those of tissue, then, by taking advantage of the Bragg—Gray
principle, an instrument can be built to measure tissue dose directly. According to the
Bragg—Gray principle, the amount of ionization produced in a small gas-filled cavity
surrounded by a solid absorbing medium is proportional to the energy absorbed
by the solid. Implicit in the practical application of this principle is that the gas
cavity be small enough relative to the mass of the solid absorber to leave the angular
and velocity distributions of the primary electrons unchanged. This requirement
is fulfilled if the primary electrons lose only a very small fraction of their energy
in traversing the gas-filled cavity. If the cavity is surrounded by a solid medium of
proper thickness to establish electronic equilibrium, then the energy absorbed per
unit mass of wall, d££,,,/d M,,, is related to the energy absorbed per unit mass of gas

in the cavity, dE,/d M,, by

dEn S, dE,
—_— — X —,
dMy — S, dM,

(6.13)

where

Sm is the mass stopping power of the wall material and
S; is the mass stopping power of the gas.

Since the ionization per unit mass of gas is a direct measure of dEg/dM, Eq. (6.13)
can be rewritten as

dE,,

szmxwx\] (6.14)
where

pm = SHI/S >

w = the mean energy dissipated in the production of an ion pair in the gas, and
J = the number of ion pairs per unit mass of gas.

Using the appropriate equations for stopping power given in Chapter 5, we can
compute p,, for electrons of any given energy. For those cases where the gas in the
cavity is the same substance as the chamber wall, such as methane and paraffin, pp,
is equal to unity. Table 6-1 shows the stopping power ratios, relative to air, of several
substances for monoenergetic electrons. For gammaradiation, however, the problem
of evaluating p,, is more difficult. The relative fraction of the gamma rays that will
interact by each of the competing mechanisms, as well as the spectral distribution of
the primary electrons (Compton, photoelectric, and pair-produced electrons) must
be considered, and a mean value for relative stopping power must be determined.
For the equilibrium electron spectra generated by gamma rays from '*®Au, ¥7Cs,
and %Co, the values for the mean mass relative stopping powers are given in Table
6-2. For air, w, the mean energy loss for the production of an ion pair in air, has
a value of 34 eV. To determine the radiation absorbed dose, it is necessary only to
measure the ionization J per unit mass of gas.
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TABLE 6-1. Mean Mass Stopping Power Ratios, Relative to Air, for Electronic Equilibrium Spectra Generated by Intially Monoenergetic Electrons

ELEMENT AND STATE OF MOLECULAR BINDING

Initial Carbon, Nitrogen,

Energy Hydrogen, Hydrogen, Carbon, Carbon, highly amines, Nitrogen Oxygen, Oxygen,
(MeV) Saturated Unsaturated Saturated Unsaturated Chlorinated Nitrates Ring —O0— o=
0.1 2.52 2.59 1.016 1.021 1.047 0.976 1.018 0.978 0.994
0.2 2.52 2.59 1.015 1.019 1.043 0.978 1.016 0.979 0.995
0.3 2.48 2.55 1.014 1.018 1.040 0.979 1.016 0.981 0.995
0.327 2.48 2.54 1.014 1.018 1.040 0.979 1.015 0.981 0.995
0.4 2.46 2.53 1.014 1.018 1.038 0.980 1.015 0.981 0.996
0.5 2.44 2.51 1.013 1.017 1.037 0.980 1.015 0.982 0.996
0.6 2.44 2.50 1.012 1.016 1.035 0.980 1.013 0.981 0.995
0.654 2.43 2.49 1.011 1.014 1.034 0.979 1.012 0.981 0.994
0.7 2.42 2.48 1.010 1.013 1.033 0.978 1.011 0.980 0.993
0.8 2.40 2.46 1.009 1.012 1.031 0.978 1.010 0.979 0.992
1.0 2.39 2.44 1.004 1.008 1.026 0.975 1.005 0.977 0.988
1.2 2.37 2.42 1.001 1.004 1.022 0.973 1.002 0.974 0.985
1.308 2.36 2.42 0.999 1.002 1.019 0.971 1.000 0.972 0.983
1.5 2.35 2.39 0.995 0.998 1.015 0.967 0.996 0.969 0.980

Source: From Physical Aspects of Irradiation. Washington, DC: National Bureau of Standards, US Government Printing Office; 1964. NBS Handbook 85.
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TABLE 6-2. Mean Mass Stopping Power Ratios, S”/S,; for Equilibrium Electron Spectra
Generated by'78Au, '*7Cs, and °Co, on the Assumption That the Electrons Slow Down
in a Continuous Manner

MEDIUM
ENERGY (MeV) Graphite \X/ater Tissue
0.411 (178Au) 1.032
0.670 (137 Cs) 1.027 1.162 1.145
1.25 (¢0Co) 1.017 1.155 1.137

Source.: From Report of the International Commission on Radiological Units and Measurements. \Washington, DC:
National Bureau of Standards, US Government Printing Office; 1959. NBS Handbook 78.

P
\é@, EXAMPLE 6.7

Calculate the absorbed dose rate from the following data on a tissue-equivalent cham-
ber with walls of equilibrium thickness embedded within a phantom and exposed
to %Co gamma rays for 10 minutes. The volume of the air cavity in the chamber is
1 cm?, the capacitance is 5 uF, and the gamma-ray exposure results in a decrease of
72 V across the chamber.

Solution

The charge collected by the chamber is

Q=CxAV
=5x 1072 F x 72V
=3.6x 1071 C.

The number of electrons collected, which corresponds to the number of ion pairs
formed in the air cavity, is

3.6 x 10719 C
C

electron

= 2.95 x 10? electrons.
1.6 x 1071

Since 34 eV are expended per ion pair formed in air and since the stopping power of
tissue relative to air is 1.137 (Table 6-2), we have from the Bragg—Gray relationship
of Eq. (6.14):
dE,
dMpy,

Pm X W X]
. .

1187 x 345~ x 2.25 x 10"~ x 1.6 x 10719
ip cm eV

1.993 x 10-6 <8 , 1 J/k8
cm? Gy

0.0108 Gy = 10.8 mGy (1.08 rad = 1080 mrad).
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The exposure time was 10 minutes and the dose rate therefore is 1.08 mGy/min
(108 mrad/min).

Kerma

In the case of indirectly ionizing radiation, such as X-rays, gamma rays, and fast
neutrons, we are sometimes interested in the initial kinetic energy of the primary
ionizing particles (the photoelectrons, Compton electrons, or positron-negatron
pairs in the case of photon radiation and the scattered nuclei in the case of fast
neutrons) that result from the interaction of the incident radiation with a unit mass
of interacting medium. This quantity of transferred energy is called the kerma, K, and
is measured in SI units in joules per kilogram, or grays. In the traditional system of
units, it is measured in ergs per gram or in rads. Although kerma and dose are both
measured in the same units, they are different quantities. The kerma is a measure
of all the energy transferred from the uncharged particle (photon or neutron) to
primary ionizing particles per unit mass, whereas absorbed dose is a measure of the
energy absorbed per unit mass.

Notall the energy transferred to the primary ionizing particlesin a given volume of
material may be absorbed in that volume. Some of this energy may leave that volume
and be absorbed elsewhere. This could result from bremsstrahlung or annihilation
radiation which is generated by the primary ionizing particles, but which leave the
volume element without further interactions within that volume. It may also be the
result of failure to attain electronic equilibrium within the volume element under
consideration. In a large medium, where electronic equilibrium exists and where we
have insignificant energy loss by bremsstrahlung, kerma is equal to absorbed dose.
The difference between kerma and dose is illustrated by Example 6.8.

i .
\\é@ EXAMPLE 6.8

A 10-MeV photon penetrates into a 100-g mass and undergoes a single interaction,
a pair-production interaction that leads to a positron and an electron of 4.5 MeV
each. Both charged particles dissipate all their kinetic energy within the mass through
ionization and bremsstrahlung production. Three bremsstrahlung photons of 1.6,
1.4,and 2 MeV each thatare produced escape from the mass before theyinteract. The
positron, after expending all its kinetic energy, interacts with an ambient electron
within the mass and they mutually annihilate one another to produce two photons
of 0.51 MeV each, and both these photons escape before they can interact within
the mass. Calculate

(a) the kerma and
(b) the absorbed dose.
Solution

(a) Kermaisdefined as the sum of the initial kinetic energies per unit mass of all charged
particles produced by the radiation. In this case, a positron-negatron pair of
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4.5 MeV each (2 x 4.5 MeV) represents all the initial kinetic energy. The
kerma, K, in this case is

s J
K kinetic energy released _ 2x4.5MeV x 1.6 x 10 MeV
mass 0.1kg x 1 J/—kyg

G

=1.44 x 107" Gy.

(b) Dose is defined as the energy absorbed per unit mass. Here we have the 9 MeV

of initial kinetic energy, of which (1.6 4+ 1.4 4+ 2) MeV was converted into
bremsstrahlung and into 2 photons of 0.51-MeV annihilation radiation. All
these photons escaped from the 100-g mass. The absorbed dose, therefore, is

absorbed energy

mass

[10 MeV — (1.6 + 1.4+ 2+ 2 x 0.51) MeV] x 1.6 x 10*1‘3'MJ—V
(S

/K
O.lkgleG—Yg

=6.4x 1072 Gy.

The National Council on Radiation Protection and Measurements (NCRP) spec-
ifies X-ray machine output and X-ray levels in units of air kerma. Since electronic
equilibrium generally is attained in an X-ray field in air, air kerma is, for practical
purposes, a measure of exposure. The numerical relationship between air kerma
and exposure in C/kg and in R is demonstrated as follows:

1 C/kg = 34 Gy (in air)

. 1 C C
1 Gy (air kerma) = 3ike — 0.02941k—
g 8

C - C C
1 mGy (air kerma) = 0.02941 x 10— =294 x 107°—= =294 M—
kg kg kg

In traditional units, exposure measured in R that corresponds to 1 Gy air kerma is

C R
1 Gy (air kerma) = 0.02941 — x 3881 —— =114R
kg C/kg

1 mGy (air kerma) = 114 mR.

Thus, to convert a measurement in the traditional units of roentgens, we divide
the roentgen measurement by 114 to obtain the equivalent exposure in air kerma.
Because of the differences between the energy absorption of air and soft tissue, an
exposure of 1 mGy air kerma leads to a soft tissue absorbed dose of 1 mGy, or 100
mrads.
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The

EXAMPLE 6.9

NCRP recommends 0.1 mGy air kermain 1 week as the shielding design criterion

for limiting occupational exposure to medical X-rays. What is the corresponding
weekly exposure limit in units of
(a) mR?

KC,
(k)

Solution

R
(a) 0.1 mGy air kerma x 114 m—G —11.4 mR in 1 week.
m

(b) 0.1 mGy air kerma x 29.4

C/k
M—/g air kerma = 294 E in
mGy kg

1 week.

Kerma decreases continuously with increasing depth in an absorbing medium
because of the continuous decrease in the flux of the indirectly ionizing radiation.
The absorbed dose, however, is initially less at the surface of an absorbing medium
than below the surface. It increases as electronic equilibrium is approached and
the ionization density increases due to the increasing number of secondary ions
produced by the primary ionizing particles (the positron-electron pairs, Compton
electrons, and photoelectronsin the case of photon beams and scattered nucleiin the
case of fast neutrons). This increase in absorbed dose continues until a maximum
is reached, after which the absorbed dose decreases with continuing increase in
depth. The maximum absorbed dose occurs at a depth approximately equal to the
maximum range of the primary ionizing particles. The relation between kerma and
dose for photon radiation and for fast neutrons is shown in Figure 6-7.

T

Log absorbed dose or kerma

Depth in absorbing medium

Figure 6-7. Relation between kerma and absorbed dose for photon radiation and for fast neutrons.
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For reasons discussed in Chapter 7, for health physics purposes, the air kerma is
called a sievert (Sv) in SI units and a rem in traditional units (1 Sv = 100 rems).

Source Strength: Specific Gamma-Ray Emission

The radiation intensity from any given gamma-ray source is used as a measure of
the strength of the source. The gamma-radiation exposure rate from a point source
of unit activity at unit distance is called the specific gamma-ray constant and is given
in units of sieverts per hour at 1 m from a 1-MBq point source (or, in the tradi-
tional system, roentgen per hour at 1 m from a 1-Ci point source). The source
strength may be calculated if the decay scheme of the isotope is known. In the
case of 311, for example, whose gamma rays are shown in Figure 4-7 and whose
corresponding true absorption coefficients are found in Figure 5-20, we have the
following:

MeV/PHOTON PHOTONS/TRANSFORMATION u (ENERGY ABSORPTION), m~!

0.723 0.016 3.8x 1073
0.673 0.069 3.9x%x 1073
0.503 0.003 3.8x 1073
0.326 0.002 3.8x 1073
0.177 0.002 3.4x 1073
0.365 0.853 3.8x 1073
0.284 0.051 3.7 x 1073
0.080 0.051 3.2x 1073
0.164 0.006 33x 1073

The gamma-radiation exposure level, in Sv/h (Gy/h air kerma), is calculated
by considering the energy absorbed per unit mass of air at the specified distance
from the 1-MBq point source due to the photon flux at that distance, as shown in
Eq. (6.15). For a distance of 1 m from the point source, we have

hot MeV t
photons . MeV 161073 J % 1x 100 P x3.6x10°> x
¥ = t photon MeV MBq h m
= c K K
ar(1m)? x p 58 o g4 J/K8
m? C/kg
(6.15)
where

X= exposure rate, Sv/h (air kerma),

J = fraction of transformations that result in a photon of energy E,
E = photon energy, MeV,

@ = linear energy absorption coefficient, m~,

p = density of air, kg/m?, and

d = distance from the source, m.
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This calculation is made for each different quantum energy and the results are

summed to obtain the source strength. For the 0.080-MeV gamma ray, at a distance
of 1 m, we have

¥ = BIx102x8x102x 1.6 x 10713 x 1 x 105 x 3.6 x 10°> x 3.2 x 1073
B 47 (1) x 1.293 x 1 x 1

S
= 4.628 x 1072 (air kerma).
h

The exposure rate for each of the other quanta emitted by '*!1 is calculated in a
similar manner, except that the corresponding frequency and absorption coefficient

is used for each of the quanta of different energy. The results of this calculation are
tabulated below:

PHOTON ENERGY (MeV) Sv/h at Tm
0.723 1.558 x 1077
0.637 6.048 x 1077
0.503 0.203 x 1077
0.326 0.088 x 1077
0.177 0.043 x 1077
0.365 41.960 x 1077
0.284 18.930 x 1077
0.080 46.280 x 1077
0.164 0.116 x 1077

5 Sv- m?

S =1.152x 10~
MBq-h

Equation (6.15) contains several constants: 1 x 10° tps/MBq, 3.6 x 10% s/h, 1.6 x
10’13J/MeV, 477 (1 m)2, and 1.293 kg/m3. If all these constants are combined, the
source strength I', in Sv air kerma per MBq per hour at 1 m, is given by

Sv-m?

=354 x%x107° X Ej X ———.
X Zf x Ei x MBqch

(6.16a)

where

/i = fraction of the transformations that yield a photon of the ith energy,
L; = energy of the ith photon, MeV, and
wi = linear energy absorption coefficient in air of the ith photon.

For many practical purposes, Eq. (6.16a) may be simplified. For quantum ener-
gies from about 60 keV to about 2 MeV, Figure 5-20 shows that the linear energy
absorption coefficient varies little with energy; over this range, p is about 3.5 x 1073
m~!. With this value, Eq. (6.16) may be approximated as

Sv-m?
r=124x10"7 - x E; .
X107 i MBqh

(6.16b)
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Ifwe divide Eq. (6.16b) by 34 Sv per C/kg, we obtain the specific gamma ray emission
in exposure units:

1.24 x 1077 ( Sv air kerma) - m?
Sv air kerma Z Jix B MBq-h
C/kg (6.17)
(C/kg) —m?

=365x107"Y f x E;
X 10750 i % MBq-h

When exposure is measured in roentgens and activity in curies, the specific gamma-
ray emission is closely approximated by

R-m?
=05y fixE — 6.18
Zf x Ei ot (6.18)

Table 6-3 lists the specific gamma ray emission of some isotopes that are frequently
encountered by health physicists.

Beta Radiation

Examination of a beta-particle absorption curve, such as the one in Figure 5-2, shows
it to be approximately linear when plotted on semilog paper. This means that the
decrease in beta intensity with increasing depth into an absorbing medium, for
depths less than the beta range, can be approximated by

@ = @oe M, (6.19)

TABLE 6-3. Specific Gamma-Ray Emission Constant of Some Radioisotopes

T
ISOTOPE B Air k DU
IR ir kerma <MBq-h>
Antimony-122 0.24 5.68E—-08
Cesium-137 0.33 7.82E—08
Chromium-51 0.016 3.77E-09
Cobalt-60 1.32 3.13E-07
Gold-198 0.23 5.44E—-08
lodine-125 0.07 1.66E—-08
lodine-131 0.22 5.20E—-08
Indium-192 0.48 1.14E-07
Iron-59 0.64 1.52E—-07
Mercury-203 0.13 3.08E-08
Potassium-42 0.14 4.73E-08
Radium-226 0.825 1.96E—-07
Sodium-22 1.20 2.84E-07
Sodium-24 1.84 4 .35E—-07
Zinc-65 0.27 6.39E—-08

From Radiological Health Handbook. Rev ed. Rockville, MD: US Public Health Service, Bureau of Radiological Health;
1970.
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where

¢ = intensity at depth ¢,
@o = initial intensity, and
g = beta absorption coefficient.

If the maximum beta energy E,, is given in MeV, then the beta absorption coefficients
for air and for tissue are

. 1.4 cm®
g, (air) =16 (£, — 0.036) ? (6.20)
and
2
jip (tissue) = 18.6 (Ey — 0.036) 17 %. (6.21)

Skin Contamination

When we refer to “skin dose”, or to “shallow dose”, we mean the dose to the viable,
actively growing basal cells in the basement membrane of the skin. These cells are
covered by a tissue layer of nonliving cells whose nominal thickness is 0.007 g/cm?.

If the skin is contaminated with a radionuclide, we can calculate the dose rate to
the contaminated tissue by assuming that 50% of the radiation goes down into the
skin and 50% goes up and leaves the skin. If the skin is contaminated at a level of
1 Bq/(:rn2 and the mean beta energy is E MeV, then the energy fluence rate, ¢, to
the basal cells at a depth of 0.007 g/cm? in the skin is

@, J/cm?/h = 1 Bq/cm? x 1 tps/Bq x 0.5 x E MeV/t x 1.6 x 107" J/MeV

X 3.6 x 107 2 x ¢ in m s x 00T e, (6.22)

The dose rate to the basal cells, Db, is

2

cm
—— X
. b cm?/h bt g mGy
Dy = . (6.23)
10-6 J/g h
mGy
After substituting Eq. (6.22) into Eq. (6.23) and simplifying, we have

: 47 —(1p.x0.007) MGy

Dy, =29 x107"E x g, x e —_—. (6.24)

h
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6 .
\é@ EXAMPLE 6.10

A worker accidentally spills 3700 Bq (10 xCi) of a 3P solution over an area of
10 cm? on her skin. What is the dose rate to the contaminated skin?

For 32p:
En= 1.71 MeV and
E = 0.7 MeV.

Solution
For 32P, the absorption coefficient for tissue is calculated from Eq. (6.21):

2
1pc (tissue) = 18.6 (Em — 0.036) 7137 = 18.6(1.71 — 0.036) %7 = 9.18 .
g

Substituting the values for £ and for ug , into Eq. (6.24), which gives the dose rate
from 1 Bq/ch, yields the dose conversion factor (DCF) for skin contamination
with 32P:
¢ mGy/h

Bq/cm?’

DCF (*%P, skin) = 1.74 x 10~

The dose rate to the contaminated skin, therefore, is

. G Gy/h B
DS _pop 2Oy B
h Bq/cm? cm?

(6.25)

D=174x10"

5 mGy/h 8 3.7 x 10° Bq 064 mGy 64 mrads> .
Bq/cm? 10 cm? h h

Dose from Surface Contamination

If we have a plane beta-emitting surface, such as a contaminated area, then the
surface dose rate may be easily calculated. If the surface concentration is C, Bq per
cm?, then we may assume that 50% of the betas go up from the surface and 50%
go down into the surface. Furthermore, some of the downward directed betas are
backscattered. Under these conditions, the energy fluence rate at the contaminated
surface, ¢ (F), is

2 B t _ MeV
0“@: a—qxlﬁxOﬁxﬁ)xE ¢
h cm? Bq
¥1.6% 1071 % 3.6 x 10° % (6.26)
€
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Assuming that 25% of the beta energy is backscattered, then f;, = 1.25 and
Eq. (6.26) simplifies to

(6.27)

At a height d above the center of the contaminated surface, the beta energy flux
will be reduced by the thickness of air d and will be closely approximated by

2
(paxd) /€M

Qa = Qo X e~ for d < range of the betas (6.28)
2
=36 x 10710 x C, x E x ¢~ Wraxd J/% (6.29)

The energy fluence rate to the basal cells will be further reduced by the shielding
effect of 0.007 g/ cm? of nonviable surface skin. Therefore, the energy flux ¢y, to the
basal cells is

2
(up cm?/gx0.007 g/cm?) \I/% (6.30)

Substituting Eq. (6.29) for ¢, into Eq. (6.30), we have

Yh=@a X e

2
o =38.6x 1071 x C, x E x exp — (upg.a x d) x e~ #p.x0:00D J/% (6.31)
The dose rate to the basal cells in mGy/h, at a height d g/cm? above a contaminated
area, is
J/cm? cm?
' (27 h X gt ——
Dy, mGy/h = 7 g (6.32)
1070 ==
mGy
which yields, after we substitute Eq. (6.31) for ¢, in Eq. (6.32),
. 8.6 x 10710 x C, x E x ¢~ HpaxD) 5 o= 1px0007) 5y g
Dy, = ; L
10-6 J—Gg (6.33a)
misy
After dividing by 107° J/—g, we have
mGy
Dy =38.6x107* x C, x E x ¢ WX 5 p=p.x000D oy mTGy (6.33b)

6 .
\\é@ EXAMPLE 6.11

A solution of 2P is spilled and it contaminates a large surface to an areal concen-

B
tration of 37 ;qg What is the estimated beta dose rate to the skin at a height of 1
cm

m above the contaminated area? Temperature in the laboratory is 27°C. (Neglect
shielding by clothing.)
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For 32p:

Range = (0.542 x 1.71) — 0.133 = 0.8 >
cm
E., =171 MeV,
E = 0.7MeV,
Air density at 27°C = 1.293 x 1073 x (273 +300) = 1.2 x 1073 g/cm?®, and
d=100cm x 1.2 x 10 3 g/cm3 =0.12 g/ch.
The beta absorption coefficient in tissue was calculated in example 6.10 and was

found to be 9.18 cm2/g. For air, the beta absorption coefficient is calculated by
substituting 1.71 for the value of E,, in Eq. (6.20):
9

2
4 CIN cm

ga = 16(1.71 — 0.036) " =778

g g

The dose rate to the skin at 1 m above the contaminated area is calculated with Eq.
(6.33b):
mGy
h
=386 x 107" x 37 x 0.7 x ¢~ "TH012 5 (7180007 5 9 18

Dy =3.6x 107" x C, x E x g7F#axd 5 g7tpx000T oy

mrads
h

G
—32x10°2 mTy(s.Q ).

In the traditional system of units, if the contamination concentration is given

. 9 . . mrads
as uCi/cm” and dose rate is measured in

at a height d % above a large
cm
contaminated area, Eq. (6.33b) becomes

mrads

h

D, =138 x10% x C, x E x e Hpaxd x g=Hpux0007 o (6.34)

Submersion Dose

Inside an infinite cloud of a radionuclide
rate of energy emission = rate of energy absorption.

In an infinite cloud containing C Bq/m?® of a beta emitter whose mean beta energy
is £ MeV, the dose rate is

Do (air), mGy/h

B tps - M
e B 1P i MYV ex10 ) ws6x100 S
B m?3 Bq MeV h (6.35)
= K K 1G : :
1.203 X8, Jkg 16y
m?3 Gy  10°mGy
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When we combine the constants in Eq. (6.35), we have

Do (air) = 4.45 x 1077 x C, x E mGy/h. (6.36)
Since the skin of a person in an infinite medium is irradiated from one side only,
and since soft tissue absorbs about 10% more energy per kilogram than air does, the
dose rate to the basal cells of the skin in a semi-infinite medium is

Dy = 0.5 x 1.1 x Doy (air) x ¢~ #ex0007) (6.37)

If we combine Eqs. (6.36) and (6.37), we have the beta dose to the skin of a person
immersed in a large cloud of concentration C Bq/m?:

Dy =245 x 1077 x C x E x ¢~ #0000 1y Gy /h, (6.38)

Generally, ifthere are f; betas of average energy E; MeVwhose absorption coefficient
is pup, . each, then the beta dose rate is

mGy

Dy =245 x1077 x CY_ fili; x ¢~ #0007 - (6.39)
and if we divide by the concentration C, we obtain DCF:
- _ «0.007y mGy/h
DCF (submersion) = 2.45 x 1077 x Y fi; x ¢~ """ 0007 mGy/h (6.40)

Bq/m?’

i .
\é@' EXAMPLE 6.12

Calculate the dose rate to the skin of a person immersed in a large cloud of 85Kr at
a concentration of 37 kBq/m?® (107% uCi/mL).

Solution

Krypton-85 is a pure beta emitter that is transformed to *Rb by the emission of

a beta particle whose maximum energy is 0.672 MeV and whose average energy is
0.246 MeV. The tissue absorption coefficient is calculated with Eq. (6.21):

tpe = 18.6(0.672 — 0.036) ¥ = 84.6 cm?/g,

and the skin dose is calculated with Eq. (6.38):

Dy =245 x 1077 x C x E x ¢~ #6000 ;mGy/h
Dy =245 x 1077 x 3.7 x 10* x 0.246 x ¢~ (34630007
Dy = 1.8 x 107* mGy/h (0.18 mrads/h) .
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In the traditional system of units, if the concentration is given in uCi/mL, Eqs.
(6.39) and (6.40) become

Dy=9x10°x CY_ fiE; x ¢~ 50 mrads/h (6.39a)

and
i . ds/h
DCF (submersion) = 9 x 10° x § [ x e 0'007)%/:&' (6.40a)

Volume Source

In an infinitely thick (thickness > beta range) volume source, the rate of energy
emission is equal to the rate of energy absorption. If C, Bq/kg is the concentration
of a beta emitter whose mean energy is E MeV/beta, then the dose rate inside the
infinite volume is given by

DOOV, mGy/h
B _ Me
o, B, s g MV 10 wsex10° S
_ kg Bq t MeV h
10-3 J/kg
mGy (6.41)
Doy = 5.76 x 1077 x C, x E mGy/h. (6.42)

Since the surface of an “infinitely thick” volume source is irradiated from one side
only, the dose rate at the surface is

. 1 R _
Dt oo = 5 X Docy = 2.88 x 107 x C, x E mGy/h. (6.43)

If there are f; betas per transformation of E; MeV each, then

_ mG
Datooos = 288 x 1077 % Gy x Y fiE; hy (6.44)
In traditional units, if C, is in uCi/g, then Eq. (6.44) is transformed to
. _ d
Dsurf.oov =11x 10% X CV X Z sz mr}? > (6.44&)

6 .
\\é@' EXAMPLE 6.13

A 5-L polypropylene (specific gravity = 0.95) bottle, 3-mm wall thickness, contains
5 mCi (185 MBq) **P aqueous waste. Calculate the beta dose rate at the outside
surface of the bottle.
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Solution

Phosphorus-32 is transformed to #*S by the emission of a beta particle whose
maximum energy is 1.7 MeV and whose average energy is 0.7 MeV. Since the solution
is infinitely thick relative to the range of the beta particles, the dose rate at the liquid-
wall interface is calculated with Eq. (6.44a):

) _ mrads
Dsurf.oov =11x 103 X Cv X Z fth o
: 5 x 1031 Ci
Dsurf. ocov — 11 X 102 X M X 07M6V
’ 5 x 10%g
mrads mGy
=770 7.7 22,
h ( h )

The wall will attenuate the beta dose rate according to Eq. (6.19):
@ = @oe M

In this case, the wall thickness is 0.285 g/cm?, and pg = 9.18 cm?/g (from Example
6.10), and we have

Dg =770 x ¢ 1892 — 56 mrads/h (0.56 mGy/h).

INTERNALLY DEPOSITED RADIONUCLIDES

Corpuscular Radiation

Radiation dose from internal emitters cannot be measured directly; it can only be
calculated. The calculated dose is based on both physical and biological factors. The
physical factors include the type and energy of the radiation and the radiological
half-life. The biological factors include the distribution of the radioisotope within
the body and the kinetic behavior, such as absorption rates, turnover rates, and
retention times in the various organs and tissues. The biological factors for internal
dosimetry are derived from pharmacologically based biokinetic models of the in vivo
behavior of the radioisotopes.

The calculation of the absorbed dose from internally deposited radioisotopes
follows directly from the definition of the gray. For an infinitely large medium con-
taining a uniformly distributed radionuclide, the concentration of absorbed energy
must be equal to the concentration of energy emitted. The energy absorbed per unit
tissue mass per transformation is called the specific effective energy (SEE). For practi-
cal health physics purposes, “infinitely large” may be approximated by a tissue mass
whose dimensions exceed the range of the radiation from the distributed isotope.
For the case of alpha and most beta radiations, this condition is easily met in practice,
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and the SEE is simply the average energy of the radiation divided by the mass of the

tissue in which it is distributed:

E MeV/t

SEE(@ or ) == MeV/t (6.45)
m kg

The computation of the radiation-absorbed dose from a uniformly distributed beta
emitter within a tissue may be illustrated with the following example:

g1l -
\é@ EXAMPLE 6.14

Calculate the daily dose rate to a testis that weighs 18 g and has 6660 Bq of *°S
uniformly distributed throughout the organ.

Solution

Sulfur is a pure beta emitter whose maximum-energy beta particle is 0.1674 MeV
and whose average energy is 0.0488 MeV. The beta dose rate from ¢ Bq uniformly dis-
persed in m kg of tissue, if the specific effective energy is SEEMeV per transformation

per kg, is

. G
Dy, Xy
8 MeV/t
Bqx 12 s MV 6108 I 864 x 1002
B Bq g MeV d 6.46
| J/ke ' (6.46)
Gy
Substituting Eq. (6.45) into Eq. (6.46) yields
t _ MeV
quxlExE—e ><1.6><10_13Lx8.64><1043
Do — Bq t MeV d
a mkg x 1]/kg/Gy
. 6.66 x 10> x 1 x 4.88 x 1072 x 1.6 x 1071% x 8.64 x 10*
N 0.018 x 1
Gy rad
=25x 107" = (0.025 — ).
2.5 107"~ ( 25 =4 ) (6.47)
Effective Half-Life

The total dose absorbed during any given time interval after the deposition of the
sulfur in the testis (in Example 6.14) may be calculated by integrating the dose
rate over the required time interval. In making this calculation, two factors must

be considered, namely:

(1.) in situ radioactive decay of the radionuclide and
(2.) biological elimination rate of the radionuclide.
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In most instances, biological elimination follows first-order kinetics. In this case, the
equation for the quantity of radioactive material within an organ at any time ¢ after
deposition of a quantity Q is given by

Q= (Qoe™) (e71), (6.48)

where Ay is the radioactive decay constant and A is the biological elimination con-
stant. The two exponentials in Eq. (6.48) may be combined

Q= Qe *RTAB)L (6.49)
and, if

Ak = AR -+ A, (6.50)
we have

Q= Qe (6.51)

where Ag is called the effective elimination constant. The effective half-life is then

0.693
T = _ (6.52)
AE

From the relationship among Ag, Ar, and Ap, we have

11 1
I 6.53
T 7?2+TB (6.53)
or
Tr x Ty
- _ 6.54
ES T (6.54)

In Example 6.14, for 358 Th = 87.1 days. g, the biological half-life in the testis,
is reported to be 623 days. The effective half-life in the testis, therefore, is

87.1 x 623

£~ 871+ 623

= 76.4 days,

and the effective elimination rate constant is

0.693

=_——" =0.009d"".
76.4 days

E

It should be noted that the effective half-life of %S in the testis is less than either
the radiological or the biological half-lives. This must be so because the quantity of
a radionuclide in the body is continually decreasing due to radioactive decay and
biological elimination. For this reason, the effective half-life can never be greater
than the shorter of either the biological or radiological half-life.



236

CHAPTER 6

Total Dose: Dose Commitment

The dose dD during an infinitesimally small period of time d¢ at a time interval
t after an initial dose rate Dy is

dD = instantaneous dose rate x di.

= Do x e *Ed¢. (6.55)

The total dose during a time interval ¢ after deposition of the radionuclide is

t
D = D, [ e Mrldy, (6.56)

0
which, when integrated, yields

_ Do

D=—"—(1-e¢"). (6.57)
AE

For an infinitely long time—that is, when the radionuclide is completely gone—
Eq. (6.57) reduces to

_ Do

D = .
AE

(6.58)

For practical purposes, an “infinitely long time” corresponds to about six effective
half-lives. It should be noted that the dose due to total decay is merely equal to the
product of the initial dose rate Dy and the average life of the radionuclide within
the organ 1/Ag. For the case in Example 6.14, the total absorbed dose during the
first 5 days after deposition of the radiosulfur in the testis is, according to Eq. (6.57),

_25x 107" Gy/d (1 _ 670.009d’1><5d)
0.009d™"

=1.2x107°Gy  (0.12rad),
and the dose from complete decay is, from Eq. (6.58),

25 x107*Gy/d

0.009d—T = 0.028 Gy (2.8 rads).

The 0.028-Gy total dose absorbed from the deposition of the radiosulfur is called the
dose commitment to the testes from this incident. This is defined as the absorbed dose
from a given practice or from a given exposure. Although the dose commitment in
this example was due to an internally deposited radionuclide, the dose commitment
concept is applicable to external radiation as well as to radiation from internally
deposited radionuclides.

In the example cited above, the testis behaved as if the radionuclide were stored
in a single compartment. In many cases, an organ or tissue behaves as if the ra-
dioisotope were stored in more than one compartment. Each compartment follows
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first-order kinetics and is emptied at its own clearance rate. Thus, for example, ce-
sium is found to be uniformly distributed throughout the body, although the body
behaves as if the cesium were stored in two compartments. One compartment con-
tains 10% of the total body burden and has a retention half-time of 2 days, while the
second compartment contains the other 90% of the body’s cesium content and has
a clearance half-time of 110 days. The retention curve for cesium, therefore, is given
by the equation

q(t) — 01 q() e—(0.693 t/2days) + 09 90 e—(()‘693 t/ll()days)’ (6.59)

where ¢(t) is the body burden at time ¢ after deposition of gy amount of cesium
in the body. Ten percent of the total is deposited in compartment 1 and 90% is
deposited in compartment 2. Generally, if there is more than one compartment, the
body burden at any time ¢ after deposition of ¢ units of a radionuclide is given by

7)) = figoe ™'+ fogoe ™ + -+ fugoe ™, (6.60)
where fi, fo, ..., fo = fraction of the total activity deposited in compartments
1,2,...,n,and Ay, A9, . . ., Ay = effective clearance rates for compartments 1,
2, ...,n.

Since the activity in each compartment contributes to the dose to that organ or
tissue, Eq. (6.57) becomes, for the multicompartment case,
Dy
)\nE

_ Du
ALE

Doy
A9E

D (T—e )+ = (1—e ™)+ . (1= ™), (6.61)

and when the radionuclide has completely been eliminated, Eq. (6.61) reduces to

DIO D?O DnO
D(f)y=—+—+ -+
)»11; )\.QE )\nE

(6.62)

Gamma Emitters

For gamma-emitting isotopes, we cannot simply calculate the absorbed dose by
assuming the organ to be infinitely large because gammas, being penetrating
radiations, may travel great distances within the tissue and leave the tissue with-
out interacting. Thus, only a fraction of the energy carried by photons originating
in the radioisotope-containing tissue is absorbed within that tissue. Before the ad-
vent of computers that made complex computational methods possible, gamma ray
doses from internal radionuclides were calculated by assuming the body to be made
of spheres and cylinders and then using simple calculation techniques to determine
internal dose. For example, in the case of a uniformly distributed gamma-emitting
nuclide, the dose rate at any point p due to the radioactivity in the infinitesimal
volume dV at any other point at a distance r from point p, as shown in Figure 6-8, is

nr

dD = CT—dV, (6.63)

o
r2

where C is the concentration of the isotope, I' is the specific gamma-ray emission,
and u is the linear energy absorption coefficient. The dose rate at point p due to all
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Figure 6-8. Diagram for calculating dose at a point p from
the gamma rays emitted from the volume element dV/in a
tissue mass containing a uniformly distributed radioisotope.

the isotope in the tissue is computed by the contributions from all the infinitesimal
volume elements:

. —ur
b= CF/ £ av. (6.64)
r
0

For the case of a sphere, the dose rate at the center (Fig. 6-9) is

r=R 0=m/2 ¢=n
—pr

D=4CF/ / / e—2~rd9~rc059d¢'dr. (6.65)
r

r=0 6=0 ¢=0

r coso

rcos6 dg

rdo

Figure 6-9. Geometry for evaluating Eq. (6.65) for the center of a sphere.
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Integrating with respect to each of the variables, we have, for the dose rate at the
center of the sphere,

p=cr. = (1—e 5. (6.66)
"

From an examination of Egs. (6.63), (6.64), (6.65), and (6.66) it is seen that the
factor that multiplies CT" depends only on the geometry of the tissue mass and hence
is called the geometry factor.! The geometry factor g is defined by

Vv
—ur
g:/ Cav. (6.67)
-
0

Equation (6.64) may therefore be rewritten as
D=CxTI x g (6.68)

The definition of g in Eq. (6.67) applies to a given point within a volume of tissue.
In many health physics instances, we are interested in the average dose rate rather
than the dose rate at a specific point. For this purpose, we may define an average
geometry factor as follows:

1
g= v/ng. (6.69)
For a sphere,

3
§=7 (&) center- (6.70)

Atany other point in the sphere at a distance d from the center, the geometry factor
is given by

_ 2
L= (d/R)? 1+d/R } 6.71)

gpz(g)center |:0-5+ 4(d/R) n|1—d/R|
For a cylinder, the average geometry factor depends on the radius and height. Table

6-4 gives the numerical values of average geometry factors for cylinders of various
heights and radii.

This material is mainly of historical importance in the evolution of internal dosimetry; it has
been replaced by the MIRD system, which is discussed later in this chapter.
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TABLE 6-4. Average Geometry Factors for Cylinders Containing a Uniformly Distributed
Gamma Emitter

RADIUS OF CYLINDER (cm)

CYLINDER

HEIGHT (cm) 3 5 10 15 20 25 30 35
2 17.5 22.1 303 34.0 36.2 37.5 38.6 39.3
5 22.3 31.8 47.7 56.4 61.6 65.2 67.9 70.5

10 251 38.1 61.3 76.1 86.5 93.4 98.4 103

20 25.7 40.5 68.9 89.8 105 117 126 133

30 25.9 41.0 71.3 94.6 112 126 137 146

40 25.9 41.3 72.4 96.5 116 131 143 153

60 26.0 41.6 73.0 97.8 118 134 148 159

80 26.0 41.6 73.3 98.4 119 135 150 161

100 26.0 41.6 73.3 98.5 119 136 150 162

Reproduced with permission from Hine GJ, Brownell GL. Radiation Dosimetry. New York, NY: Academic Press, Inc; 1956.

6 .
\é@' EXAMPLE 6.15

A spherical tank, capacity 1 m® and radius 0.62 m, is filled with aqueous '*’Cs waste
containing a total activity of 37,000 MBq (1 Ci). What is the dose rate at the tank
surface if we neglect absorption by the tank wall?

Solution

From Table 6-3 we find ' =7.82 x 1078 Sv-m?2/ MBq-h. The absorption
coefficient of water for the 0.661-MeV gammas from '%7Cs is listed (by interpola-
tion between 0.6 and 0.8 MeV) in Table 5.4 as 0.0327 cm?/g. Since the density of
water is 1 g/cm?, the linear absorption coefficient is 0.0327 cm™!, or 3.27 m~!. The

dose rate at the center of the sphere is found by substituting the respective values
into Eq. (6.66):

. MB Sv-m?* 4 ;
Dy =37 x 10" 1 x 7,82 x 1078 S T (1 - gm0z
m MBq-h  327m"

S
=9.66x 107 = (0.966 —— ).
h h

From Eq. (6.71), we see that the surface dose rate is 0.5 x Dy. Therefore,

. S d
Dertace = 0.5 X 9.66 x 1073 = 4.8 x 1073 FV <O.48 %) .
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Medical Internal Radiation Dose Methodology

To account for the partial absorption of gamma-ray energy in organs and tissues,
the Medical Internal Radiation Dose (MIRD) Committee of the Society of Nu-
clear Medicine developed a formal system for calculating the dose to a “target”
organ or tissue (7) from a “source” organ (S) (Fig. 6-10) containing a uniformly
distributed radioisotope. S and T may be either the same organ or two differ-
ent organs bearing any of the possible relationships to each other shown in Fig-
ure 6-10. The MIRD system separates the dose calculation into two basic compo-
nents: the physical factors dealing with the radiation and the fraction of energy
radiated by the deposited activity that is absorbed by the tissue, and the biolog-
ical factors that are derived from physiologically based biokinetic models of the
radionuclide. The fraction of the radiated energy that is absorbed by the target
tissue is calculated by the application of Monte Carlo methods to the interac-
tions and fate of photons following their emission from the deposited radio-
nuclide.

Monte Carlo methods are useful in the solution of problems where events such as
the interaction of photons with matter are governed by probabilistic rather than de-
terministic laws. In Monte Carlo solutions, individual simulated photons (or other
corpuscular radiation) are “followed” in a computer from one interaction to the
next. The radioisotope is assumed to be uniformly distributed throughout a given
volume of tissue. Since radioactive transformation is a random process occurring ata
mean rate that is characteristic of the given radioisotope, we can start the process by
randomly initiating a radioactive transformation. For any of these transformations,
we know the energy of the emitted radiation, its starting point, and its initial direc-
tion. We also know the probability of each possible type of interaction within the
organ and the energy transferred during each interaction. A situation is simulated
by starting with a very large number of such nuclear transformations, following the
history of each particle as it traverses the target tissue, and summing the total amount
of energy that the particles dissipate within the target tissue. For a concentration of

&
=0

Figure 6-10. Possible relationships between source organ and target organ.

® &



(444

TABLE 6-5. Absorbed Fractions for Uniform Distribution of Activity in Small Spheres? and Thick Ellipsoids?

4
MASS 0.020 0.030 0.040 0.060 0.080 0.100 0.160 0.364 0.662 1.460 2.750
(kg) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
0.3 0.684 0.357 0.191 0.109 0.086 0.085 0.087 0.099 0.096 0.092 0.077
0.4 0.712 0.388 0.212 0.121 0.096 0.093 0.097 0.108 0.108 0.099 0.083
0.5 0.731 0.412 0.229 0.131 0.104 0.099 0.104 0.116 0.117 0.104 0.089
0.6 0.745 0.431 0.244 0.140 0.111 0.105 0.111 0.122 0.124 0.109 0.093
1.0 0.780 0.486 0.289 0.167 0.135 0.125 0.130 0.142 0.144 0.125 0.106
2.0 0.818 0.559 0.360 0.212 0.173 0.160 0.162 0.174 0.173 0.153 0.127
3.0 0.840 0.600 0.405 0.245 0.201 0.188 0.186 0.197 0.195 0.174 0.143
4.0 0.856 0.629 0.438 0.271 0.222 0.209 0.205 0.216 0.213 0.190 0.156
5.0 0.868 0.652 0.464 0.294 0.241 0.227 0.222 0.231 0.228 0.204 0.167
6.0 0.876 0.671 0.485 0.312 0.258 0.241 0.236 0.245 0.240 0.216 0.177
“The principal axes of the small spheres and thick ellipsoids are in the ratios of 1:1:1 and 1:0.667:1.333.

Reprinted by permission of the Society of Nuclear Medicine from Brownell GL, Ellett WH, Reddy AR. MIRD Pamphlet No. 3: Absorbed Fractions for Photon Dosimetry. J Nuclear Med. February
1968; 9(1 Suppl):29-39.
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1 Bq/cm?® of tissue, for example, there would be 1 such start per cm®/s. Since the
sum of the initial energies of these particles is known, the fraction of the emitted
energy absorbed by the target tissue, which is called the absorbed fraction, ¢, can be
calculated:

o energy absorbed by target (6.72)

energy emitted by source ’

Since the mean free paths of photons usually are large relative to the dimensions of
the organ in which the photon-emitting isotope is distributed, the absorbed fraction
for photonsisless than 1. For nonpenetrating radiation, the absorbed fraction usually
is either 1 or 0, depending on whether the source and target organs are the same or
different.

Absorbed fractions for photons of various energies for point isotropic sources
and for uniformly distributed sources in tissue and in water for spheres, cylinders,
and ellipsoids have been calculated and published by MIRD in several supplements
to the Journal of Nuclear Medicine. Tables 6-5 to 6-7 show some of these absorbed
fractions.

TABLE 6-6. Absorbed Fractions for Central Point Sources in Right Circular Cylinders?

MASS 0.040 0.080 0.160 0.364 0.662 1.460
(kg) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
2 0.528 0.258 0.224 0.240 0.229 0.200
4 0.645 0.336 0.290 0.295 0.288 0.253
6 0712 0.391 0.335 0.333 0.326 0.286
8 0.757 0.435 0.370 0.363 0.354 0311
10 0.789 0.471 0.399 0.387 0.376 0.332
20 0.878 0.593 0.501 0.472 0.453 0.401
30 0917 0.668 0.568 0.528 0.504 0.446
40 0.940 0.721 0.618 0.571 0.543 0.480
50 0.954 0.761 0.658 0.605 0.575 0.509
60 0.964 0.792 0.691 0.633 0.602 0.533
70 0.971 0.818 0719 0.658 0.625 0.553
80 0.977 0.838 0.743 0.679 0.646 0.572
90 0.981 0.856 0.763 0.698 0.664 0.588
100 0.984 0.871 0.781 0.714 0.680 0.603
120 0.989 0.894 0.811 0.742 0.708 0.629
140 0.992 0.911 0.834 0.765 0.730 0.651
160 0.994 0.924 0.852 0.784 0.749 0.669
180 0.994 0.933 0.866 0.800 0.765 0.685
200 0.994 0.939 0.877 0.813 0.777 0.698

“The principal axes of the right circular cylinders are in the ratio of 1:1:0.75.

Reprinted by permission of the Society of Nuclear Medicine from Brownell GL, Ellett WH, Reddy AR. MIRD Pamphlet No.
3: Absorbed Fractions for Photon Dosimetry. J Nuclear Med. February 1968; 9(1 Suppl):29-39.
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TABLE 6-7. Absorbed Fractions for Central Point Sources in Spheres

@
MASS 0.020 0.030 0.040 0.060 0.100 0.140 0.160 0.279 0.662 2.750
(kg) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
2 0.989 0.794 0.537 0.322 0.243 0.233 0.234 0.241 0.235 0.168
4 0.996 0.878 0.658 0.421 0.317 0.301 0.297 0.302 0.293 0.209
6 0.999 0.916 0.727 0.488 0.370 0.348 0.342 0.344 0.330 0.238
8 0.999 0.938 0.772 0.540 0.413 0.386 0.379 0.377 0.359 0.259
10 0.999 0.952 0.806 0.581 0.448 0.418 0.409 0.405 0.382 0.277
20 0.999 0.982 0.894 0.709 0.569 0.529 0.517 0.500 0.461 0.339
30 0.999 0.991 0.932 0.780 0.644 0.600 0.587 0.562 0.514 0.380
40 0.999 0.995 0.954 0.826 0.698 0.652 0.639 0.608 0.554 0411
50 0.999 0.996 0.966 0.859 0.738 0.692 0.679 0.644 0.586 0.436
60 0.999 0.997 0.974 0.882 0.770 0.725 0.712 0.675 0.613 0.457
70 0.999 0.998 0.980 0.900 0.796 0.752 0.739 0.700 0.637 0.476
80 0.999 0.998 0.983 0.915 0.818 0.775 0.762 0.722 0.657 0.492
90 0.999 0.999 0.986 0.926 0.836 0.794 0.781 0.741 0.675 0.507
100 0.999 0.999 0.988 0.935 0.851 0.811 0.799 0.758 0.691 0.520
120 0.999 0.999 0.991 0.948 0.876 0.839 0.827 0.786 0.719 0.544
140 0.999 0.999 0.993 0.958 0.895 0.860 0.849 0.809 0.742 0.564
160 0.999 0.999 0.995 0.965 0.910 0.878 0.867 0.829 0.761 0.582
180 0.999 0.999 0.996 0.971 0.923 0.892 0.882 0.845 0.778 0.598
200 0.999 0.999 0.998 0.976 0.933 0.904 0.894 0.858 0.792 0.612

Reprinted by permission of the Society of Nuclear Medicine from Brownell GL, Ellett WH, Reddy AR. MIRD Pamphlet No. 3: Absorbed Fractions for Photon Dosimetry. J Nuclear Med. February
1968; 9(1 Suppl):29-39.
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i .
\\é@ EXAMPLE 6.16

The use of these absorbed dose fractions may be illustrated by their application to
calculations of the dose rate to a 0.6-kg sphere made of tissue-equivalent material in
which 1 MBq of ¥ is uniformly distributed.

Solution

In this case, energy will be absorbed from the beta particles and from the gamma
rays. Since the range in tissue of the betas is very small, we can assume that all the beta
energy is absorbed. For the gammas however, only a fraction of the energy will be
absorbed. The total energy absorbed from the '*!I is simply the sum of the emitted
beta energy plus the fraction of the emitted gamma-ray energy that is absorbed by
the sphere. This sum is called the effective energy per transformation. The absorbed
fraction of the gamma rays depends on the size of the absorbing medium and on
the photon energy.

Using the absorbed dose fractions given in Table 6-5 and interpolating for gamma-
ray energies lying between those listed in the table, we calculate the absorbed gamma-
ray energy per 3! transformation as follows:

Ee(y) =Y E, xn x @ (6.73)

where

E.(y) = absorbed gamma-ray energy, MeV/transformation,
E,; = energy of the ith gamma photon, MeV,
n; = number of photons of ith energy per transformation, and
@; = absorbed fraction of the ith photon’s energy.

PHOTON PHOTONS PER ABSORBED ABSORBED

ENERGY, TRANSFORMATION, FRACTION, ENERGY

E, (MEV) x n; x 0 = (MeV/T)
0.723 0.016 0.123 0.0014
0.637 0.069 0.124 0.0055
0.503 0.003 0.123 0.0002
0.326 0.002 0.120 0.0001
0.177 0.002 0.112 0.0000
0.365 0.853 0.122 0.0380
0.284 0.051 0.118 0.0017
0.080 0.051 0111 0.0005
0.164 0.006 0.111 0.0001

Edly) = 0.0474 MeV/t

The mean beta energy per '*!1 transformation, which corresponds to the effec-
tive energy for the betas, may be calculated by substituting the mean beta energies
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INPUT DATA OUTPUT DATA
%/dis- Transition Mean
integr-  energy Other nuclear number/  Mean .
Radiation  tion (MeV) parameters disinte-  energy Ai d
- graton  (MeV) (ﬁﬁ)
Beta-1 1.6 025 Allowed it (i E i
Beta2 69 033% Alowed Radiation () ) E)  ArCih
Beta-3 0.5 0.47*  Allowed Beta-1 0.016  0.0701  0.0024
Beta-4 90.4 0.606 *  Allowed Beta-2 0.069 0.0955 0.0140
Beta-5 0.6 0.81* First forbidden unique Beta-3 0.005 0.1428 0.0015
Gamma-1  5.06 0.0802 M1, ax=1.7, 0 =0.17 Beta-4 0.904 0.1917 0.3691
Gamma-2 0.6 0.1640 M4, o =29, KIL=2.3 Beta-5 0.006 0.2856  0.0037
Gamma-3 0.18 0.1772 E2, ax=0.189 (T),K/L=4.0 Gamma-1 0.0173 0.0802 0.0030
Gamma-4 5.06 0.2843 E2, o =0.052 Kint. con. electron, gamma-1  0.0294 0.0456  0.0029
K/(L + M) = 4.0 L int. con. electron, gamma-1  0.0029 0.0751  0.0005
Gamma-5 0.18 0.3258 M1, oy =0.0285 (T), M int. con. electron, gamma-1  0.0010 0.0792  0.0002
K/L=6.0 Gamma-2 0.0001 0.1640 0.0000
Gamma-6 85.3  0.3645 E2+ 2% M1, oy =0.02, Kiint. con. electron, gamma-2 0.0037 0.1294 0.0010
K/IL=6.0 L int. con. electron, gamma-2  0.0016 0.1589  0.0005
Gamma-7 0.32 0.5030 E2, oy =0.00749 (T), M int. con. electron, gamma-2 0.0005 0.1630 0.0002
o =0.0011 (T) Gamma-3 0.0014 0.1772  0.0005
Gamma-8 6.9 0.6370 E2, oy = 0.0039, Kint. con. electron, gamma-3  0.0003 0.1427  0.0001
o =0.000563 (T) Gamma-4 0.0475 0.2843  0.0288
Gamma-9 1.6 07229 M1, ok = 0.004, Kint. con. electron, gamma-4  0.0025 0.2497  0.0013
o =0.000515 (T) 'l\-/limi con. elfctzon, gamma-‘t‘ 0.0005 0.2793  0.0003
e — int. con. electron -
Ref.: Lederer, C. M. et al, Table of isotopes, 6th ed. Gamma-5  gamma ggg?§ 8522; ggg?;
* Endpoint energy (MeV). (T) = Theoretical value. Gamma-6 0.833 03645 0.6465
Kiint. con. electron, gamma-6 0167 0.3299 0.0117

Lint. con. electron, gamma-6  0p28 0.3594 0.0021
Mint. con. electron, gamma-6 90009 0.3635 0.0006

Gamma-7 0.0032 0.5030 0.0034
S?Tma‘s ect s 0.0687 0.6370  0.0932
Int. con. electron, gamma-

IODINE-131 Gammors 9 0.0003 0.6024  0.0004
Ka : & 0.0159 0.7229  0.0245
o-1x-rays 0.0252 0.0298  0.0016
BETA-MINUS DECAY K a-2 x-rays 0.0130 0.0295  0.0008
K B-1 x-rays 0.0070 0.0336  0.0005
131 K B-2 x-rays 0.0015 0.0346  0.0001
I 8.05d L x-rays 0.0078 0.0041  0.0001
53 KLL Auger electron 0.0042 0.0245  0.0002
KLX Auger electron 0.0018 0.0296  0.0001
KXY Auger electron 0.0003 0.0327  0.0000
LMM Auger electron 0.0486 0.0032 0.0003
31 MXY Auger electron 0.117  0.0009  0.0002

0.7229

f2
0.6370
0.5030
P4
0.3645

11.8d ¥ Ol

0.0802
V1

0.0

131
STABLE 54 %@

Figure 6-11. Transformation scheme and input data and output data for '3'l dosimetry. (Reprinted
by permission of the Society of Nuclear Medicine from Dillman LT. MIRD Pamphlet No. 4: Radionuclide
Decay Schemes and Nuclear Parameters for Use in Radiation Dose Estimation. J Nucl/ Med. March
1969; 10(2 Suppl):1-32.)
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for ¥ listed in the output data in Figure 6-11 into Eq. (6.74):
E.(B) =) Epi x ng; (6.74)

= (0.0701 x 0.016) + (0.0955 x 0.069) + (0.1428 x 0.005)

MeV
+(0.1917 x 0.904) + (0.285 x 0.006) = 0.183 at
The effective energy E, per transformation, that is, the amount of energy absorbed
by the 0.6-kg tissue-equivalent sphere per 31T transformation, is

E. = Ec(y)+E.(B) (6.75)

MeV
— 0.04740.183 = 0.230 f .

MeV
t

The daily dose rate to a mass of m kg that absorbs E, from ¢ Bq of activity

within the mass is given by

t MeV
gBqx 1L MYV 1610 L geax 10t S
D _ Bq t /k MeV d . (6.76)
mkg x I‘I—g
Gy
If we substitute
g=1x 106 Bq,
MeV
E, =0.230 , and
m = 0.6 kg

into Eq. (6.76), we find the dose rate to be

. G d
D=53x10"2(05322).
d d

Let us now return to the MIRD method for internal dose calculation. Let us

consider two organs in the body, one that contains the distributed radioactivity and
is called the source S and the organ of interest 7, the target, which is being irradiated
by S. S and 7 may be either the same organ or two different organs bearing any of
the possible geometric relationships shown in Figure 6-10.

The rate of energy emission by the radionuclide in the source at any time that is
carried by the ith particle is given by

J

t _ MeV ticl
Yo = AsBq x 1 Ys o MV partede e x10ms (6.77)
Bq particle t MeV
=16x107"% Ag x E; x n; l, (6.78)
S

where
X.i = energy emission rate, J/s,
{1 s = activity in source, Bq,

E; = mean energy of the ith particle, MeV, and
n ; = number of particles of the ith kind per decay.
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If the fraction of this emitted energy that is absorbed by the target is called g;,
then the amount of energy absorbed by the target due to emission from the source

is given by
Xai = Xei X 0i = 1.6 x 1071 x Ag x E; x n; x ¢; ]/s. (6.79)

Since 1 Gy corresponds to the absorption of 1 | /kg the dose rate from the ith particle
to a target that weighs m kg is given by

) (1.6 x 10713 x A, x E,; X m; X <pl-) “I
D= S (6.80)
k
158 kg
Gy
If we let
_ kg -G
Ar=16x10""% x n; x F;, 22 (6.81)
Bq-s
then Eq. (6.80) can be written as
. G
m s

A; is the dose rate in an infinitely large homogeneous mass of tissue containing
a uniformly distributed radionuclide at a concentration of 1 Bq/kg. Numerical
values for A; for each of the radiations generated by radioisotopes in infinitely
large masses of tissue are included in the output data section of the decay schemes
and nuclear parameters for use in radiation dose estimation that have been pub-
lished by the MIRD Committee of the Society of Nuclear Medicine. Consider-
ing all types of the particles emitted from the source, the dose rate to the target
organ is

LA
D=— AL 6.83
—~ ¢ (6.83)

Since D is a function of Ag, which is a function of time, D too is a function of
time. The dose commitment, that is, the total dose due to the complete decay of
the deposited radionuclide, is given by integrating the dose rate with respect to
time:

D:/D(t)dt: %/As(t) dr. (6.84)
0 0

If we call the time integral of the deposited radioactivity the cumulated activity, A,

oo

A= / A (1) dt, (6.85)

0
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then the total dose to the target organ is given by

i
D=— A 6.86
—> 0 (6.86)

i .
\é@' EXAMPLE 6.17

Calculate the total dose and initial dose rate to a 70-kg, 160-cm-tall reference man
who is intraveneously injected with 1-MBq 2*NaCl. Assume the ?*NaCl to become
uniformly distributed within a very short time and to have a biological half-life of 11
days (264 hours). The decay scheme and tables of input and output data are shown
in Figure 6-12.

Solution

The decay scheme and the accompanying table of input data show one beta
(actually >0.999) particle whose maximum energyis 1.392 MeV, and one 1.3685-MeV

SODIUM-24  BETA-MINUS DECAY

24
11Na 15.0h

B4
—————4.1225
V2
1.3685
V1
>4 —0.0
STABLE | _ Mg
INPUT DATA 12
Transition OUTPUT DATA
%ldisin-  energy Other nuclear
Radiation tegration  (MeV) parameters
Mean

Beta-1 99.9 1.392*  Allowed number/  Mean .
All other betas <0.1 — - disinte-  energy Ai
Gamma-1 100.  1.3685 E2, ax<0.00001 (T) gration  (MeV) (g’f?d)
Gamma-2 99.9 2.7539 E2, ax <0.00001 (T) Radiation [1] (n;) [E] uCi-h,
All other gammas  <0.1 — —
— . Beta-1 0.999 0.5547 1.1803

Ref. Lederer, C. M. et al, Table of isotopes, 6th ed. Gamma-1 0.999 1.3685 2.9149

*Endpoint energy (MeV). (T) = Theoretical value. Gamma-2 0.999 27539 5.8599

Figure 6-12. Transformation scheme and input and output data for *Na dosimetry. (Reprinted by
permission of the Society of Nuclear Medicine from Dillman LT. MIRD Pamphlet No. 4: Radionuclide
Decay Schemes and Nuclear Parameters for Use in Radiation Dose Estimation. J Nucl/ Med. March
1969; 10(2 Suppl):1-32.)
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gamma per decay. The output data list the integral dose in an infinite medium, per
g - rads

1 .
the old system of units found in the MIRD publications to the SI system, that is, to
g - rads . kg - Gy
(o)

for each radiation. To convert from

unit of cumulated activity, in units of

go from 2—; , we use the following relation:
uCi-h Bq-s
k G
107 8 51072 22
kg-Gy_g-radX g rad

Slairers B
Bg-s  uGi-h gp 10t 29 S 36x10° 2
unCi h

kg -Gy g-rad

=2 " x751x 107 (6.87)
Bq-s uCi-h

To convert from SI units to traditional units:

rad 1 ke - G ke - G
§ 1ad _ 8 Y _ 133 x 10" x 2

- 6.88
uCi-h 751 x 101 * Bq-s Bq-s (6.88)

Now let us return to the problem. Since the **Na is cleared exponentially at an
effective rate Ay, the amount of activity in the source organ is given by

A(1) = Ag(0) x e, (6.89)

where A (0) is the initial activity in the source.

) o0 o0 A O
A= / As(t) dt = As(0) / e = % (6.90)
0 0 .
Since
. 0.693 0.693

E = =

T (Tr x Ty) /(T + Tp)

the biological half-life 7z is found in International Commission on Radiological
Protection (ICRP) Publication 2 to be 264 hours, and the radioactive half-life Ty is
15 hours, therefore

6
A= 10—13?5 =7.35x10""Bq-s.
1.36 x 1077 57!
Now we must calculate X¢;A;

The absorbed fractions, ¢;, in a number of target organs and tissues, for photons
ranging in energy from 0.01 to 4 MeV that originate in a number of different source
organs and tissues, are tabulated in Appendix A of the jJournal of Nuclear Medicine,
Supplement No. 3, August 1969.2 Table 6-8 shows the absorbed fractions from a
photon emitter that is uniformly distributed throughout the body, as in the case of
?Na. The values of ¢; for the 1.369-MeV and 2.754-MeV gammas were found by

interpolation between values in Table 6-8 and are listed below, together with A;,

2As the MIRD system evolved, the absorbed fraction was replaced by the specific absorbed fraction,

which is discussed in the following paragraph.
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TABLE 6-8. Absorbed Fractions (and Coefficients of Variation), Gamma Emitter Uniformly Distributed Throughout the Body<

PHOTON ENERGY (MeV)

0.010 0.015 0.020 0.030 0.050 0.100
TARGET 1000, 1000, 1000, 1000, 1000, 1000, Target
ORGAN ] [ @ ] [ [ @ ] [ @ @ @ Organ
Adrenals  0.270E—03  35.  0.228E—03  34.  0.175E—03  37.  0.209E—03  28.  0.131E—=03  23.  0.101E—03 26. Adrenals
Bladder ~ 0.757E—02 6.6 0.762E—02 6.5 0.683E—02 6.6 0.625E—02 6.1  0.445E-02 56  0.352E-02 5.2  Bladder
Gl (stom)  0.570E—02 7.6 0.507E—02 8.0 0.573E—02 7.1 0.560E—02 6.4 0.391E-02 5.8 0.273E—02 5.9 Gl (stom)
Gl (Sl) 0.254E—01 3.6 0.236E-01 3.7  0.234E-01 3.6 0.209E-01 3.4  0.163E-01 3.1 0.120E-01 3.2 Gl(S)
Gl (Ul)  0.541E—02 7.8 0.561E—02 7.5 0.647E—02 6.6 0.533E—02 59 0.374E—02 54 0.262E—02 5.7 Gl (UL)
Gl (LLI) 0.350E—02 9.7 0.441E-02 8.5 0.457E—02 7.7 0.285E-02 7.9 0.256E—02 6.2 0.187E-02 63 Gl (LL)
Heart 0.756E—02 6.6 0.804E—02 6.3 0.769E-02 6.2 0.635E-02 6.0 0.469E—02 54  0.420E-02 50  Heart
Kidneys ~ 0.410E—02 9.0 0.446E—02 85 0.412E-02 8.3 0.338E-02 7.4  0.233E-02 6.4 0.183E—02 6.6 Kidneys
Liver 0.260E—01 3.5 0.244E-01 3.6 0.249E-01 3.5 0.221E-01 3.3 0.154E-01 3.2 0.120E-01 3.2 Liver
Lungs 0.127E—01 51 0.142E-01 47 0.138E-01 44  0.122E-01 3.8 0.808E—02 34 0551E-02 3.6  Lungs
Marrow  0.560E—01 1.4 0.594E—01 1.4 0.655E—01 1.3 0.740E-01 1.1 0.613E-01 1.1 0.329E-01 1.3 Marrow
Pancreas 0.134E—02  16.  0.103E—02  18. 0.828E—03 17. 0.780E—03  14. 0.567E—03  12.  0.449E—03 12. Pancreas
Sk. (rib)  0.168E—01 4.4  0.206E-01 3.9  0.247E-01 3.4  0.263E-01 2.9 0.176E-01 2.9 0.764E-02 3.3 Sk (rib)
Sk. (pelvis) 0.147E—01 47  0.160E-01 451 0.163E-01 43  0.224E-01 34  0.199E-01 3.0 0.103E-01 33 Sk (pelvis)
Sk. (spine) 0.186E—01 4.2 0.190E-01 4.1 0.234E-01 3.7 0.253E-01 3.3 0.229E-01 3.0 0.144E-01 3.2 Sk (spine)
Sk. (skull)  0.103E—01 56 0.115E=01 53  0.123E=01 5. 0.128E—01 46 0.722E—02 5.1 0.3136—02 6.0 Sk. (skull)
Skeleton  0.144 1.4 0.153 1.3 0.167 1.2 0.188 1.1 0.153 1.1 0.810E-0]1 1.3 Skeleton
(total) (total)
Skin 0.258E—01 3.5 0.227E-01 35 0.169E-01 3.7 0.116E-01 33  0.758E-02 2.9 0.585E—02 3.1 Skin
Spleen 0.260E—02  11.  0.237E—=02  12.  0.242E—02  11.  0.223E-02 9.1  0.149E—02 8.5 0.111E-02 8.7  Spleen
Thyroid ~ 0.265E—03 35,  0.263E—03  34.  0.602E—04 48.  0.111E=03  36. 0.114E-03  27.  0.873E—04 29. Thyroid
Uterus 0.999E—03  18.  0.109E—02  17.  0.122E—=02 15 0.924E—03  13. 0.712E—=03  12.  0.611E-03 1. Uterus
Trunk  0.604 0.47 0.589 0.48 0.566 0.50 0.500 0.55 0.358 0.67 0.245 0.79  Trunk
Legs 0.309 0.86 0.299 0.88 0.285 0.90 0.242 0.97 0.171 1.1 0113 1.3 Legs
Head  0.488E—01 25 0.474E-01 25  0.440E-01 2.6 0.342E-01 2.7 0.200E-01 3.1 0.127E-01 3.1 Head
Total body 0.959 0.11 0.933 0.15 0.892 0.19 0.774 0.27 0.548 0.43 0.370 0.56 Total body
(Continued)



w TABLE 6-8. Absorbed Fractions (and Coefficients of Variation), Gamma Emitter Uniformly Distributed Throughout the Body? (Continued)

9]
g PHOTON ENERGY (MeV)
0.200 0.500 1.000 1.500 2.000 4.000
1000, 1000, 1000, 1000, 1000, 1000,
TARGET __* _ _ __? _ % Target
ORGAN [ 0 9 [ @ @ @ @ 7 (7 @ (7 Organ
Adrenals  0.352E—04  36. 0.138E—03  35. 0.100E—03  42.  0.107E-03  43. 0.114E—03  43. Adrenals

Bladder 0.327E-02 50 0.341E-02 6.6 0.274E-02 83 0.291E-02 8.4 0.231E-02 9.6 0.147E-02 12. Bladder
Gl (stom) 0.218E-02 7.0 0.258E-02 7.7 0.181E-02 9.8 0.199E-02 10. 0.212E-02 10. 0.119E-02 14. Gl (stom)

Gl (SI) 0.106-01 3.4 0.114E-01 3.8 0.109E-01 4.2 0.915E-02 4.8 0.820E-02 5.2 0.409E-02 7.3 @al(sl)

Gl (uLl) 0.256E—02 6.3  0.306-02 7.0 0.228E—-02 8.9 0.209E-02 9.4 0.197E-02 10. 0.160E—02 12. Gl (uLl)
Gl (LL1) 0.151E-02 7.6 0.184E-02 8.8 0.178E-02 9.7 0.181E-02 1. 0.157E—-02 12. 0.673E-03 18. Gl (LL)
Heart 0.337E—-02 58 0.372E-02 6.6 0.301E-02 8.1 0.345E-02 7.8 0.312E-02 8.3 0.145-02 13. Heart
Kidneys 0.171E-02 7.4 0.142E-02 9.7 0.161E-02 10. 0.152E-0.2 1. 0.154E—-02 12. 0.904E—-03 16. Kidneys
Liver 0.111-01 3.4 0.101E-01 4.1 0.896E—02 4.7 0.912E-02 4.9 0.847E-02 5.1 0.560E-02 6.4  Liver
Lungs 0.507E—02 4.3  0.496E-02 5.2 0.466E-02 6.1 0.466E-02 6.5 0.427E-02 6.9 0.568E-02 6.4  Lungs
Marrow  0.221E-01 1.5 0.194E-01 1.0 0.182E-01 2.0 0.164E-01 2.2 0.156E-01 2.3 0.969E-02 3.0 Marrow
Pancreas 0.444E—03 14. 0.382E—-03 17. 0.534E—-03 19. 0.348E—-03 22. 0.358E—-03 24. 0.142-03 39. Pancreas

Sk.(rib)  0.505E—02 4.1 0.435E—02 5.6 0.421E—02 6.3 0.405E—02 7.0 0.350E—02 7.7 0.338E-02 8.0 Sk. (rib)
Sk. [pelvis) 0.668E—02 3.9 0.569E-02 5.0 0.562E=02 5.7 0.511E—02 6.3 0.4226-02 7.0 0.256E—02 9.3 Sk. (pelvis)
Sk. (spine) 0.910E—02 3.6 0.763E—=02 4.5 0.751E—02 5.1 0.610E—02 57 0.606E—02 59 0.341E-02 8.1 Sk. (spine)

Sk. (skull)  0.277E-02 6.3 0.304E-02 7.2 0.280E-02 8.0 0.254E-02 9.0 0.292E-02 8.8 0.224E-02 10. Sk. (skull)

Skeleton  0.550E—01 1.4 0.488E-01 1.7 0.456E-01 2.0 0.413E-01 2.2 0.396E-01 2.3 0.252E-01 3.0 Skeleton
(total) (total)
Skin 0.677E—-02 3.5 0.757E-02 4.2 0.745E-02 4.8 0.759E-02 5.0 0.664E-02 55 0.123E-01 4.3 Skin
Spleen 0.798E-03 1. 0.116E-02 1. 0.914E-03 14. 0.903E-03 16. 0.740E-03 17. 0.368E-03 24. Spleen
Thyroid 0.418E-04 42. 0.810E—-04 46. Thyroid
Uterus 0.408E-03 15. 0.473E-03 16. 0.517E-03 18. 0.323E-03 23. 0.364E-03 25. 0.238-03 33. Uterus
Trunk 0.223 0.81 0.225 0.84 0.210 0.92 0.198 0.99 0.186 1.0 0.156 1.2 Trunk
Legs 0.102 1.3 0.101 1.4 0.965E-01 1.5 0.917E-01 1.6 0.846E-01 1.6 0.710E-01 1.8 Legs
Head 0.134E-01 3.2 0.147E-01 3.5 0.145E-01 3.8 0.130E-01 4.1 0.139E-01 4.1 0.127E-01 4.4 Head
Total body 0.338 0.57 0.340 0.60 0.321 0.67 0.302 0.73 0.284 0.77 0.240 0.90 Total body

“The digits following the symbol E indicate the powers of 10 by which each number is to be multiplied; A blank in the table indicates that the coefficient of variation was greater than 50%; Total body = head + trunk + legs.

Reprinted by permission of the Society of Nuclear Medicine from Snyder WS, Ford MR, Warner GG, Fisher HL Jr. MIRD Pamphlet No. 5: Estimates of Absorbed Fractions for Monoenergetic Photon Sources Uniformly
Distributed in Various Organs of a Heterogeneous Phantom. J Nucl Med. August 1969; 10(3 Suppl).
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which was found in the output data listing in Figure 6-12 and was converted to
kg - fGy/Bq - s, where 1 fGy = 1071 Gy:

RADIATION E; (MeV) o A, "g;'_‘:y 0il;
Beta 1 0.555 1.000 88.64 88.64
Gamma 1 1.369 0.31 218.91 67.86
Gamma 2 2.754 0.265 440.08 116.62

>~ =273.12(kg - fGy)/(Bq - 5)

Substituting the values (and 10'® femto Gy(fGy) per Gy):

] kg - G
A=735x10Bq-s, Y @A, = 273.12§—y, and m = 70 kg

q-s

into Eq. (6.86) yields

B 7.35 x 1010 Bq-s

kg - G

7312 =—
70 kg x 27512 Bq-s

=2.868 x 10" fGy (29 mrads).

The initial dose rate may be found by substituting 10° Bq for A in Eq. (6.83):

. 10°B ke - G
D=—3 97319 8
70 kg Bq-s

=39 x 10°fGy/s (1.4mrads/h).

The physiological kinetics, on which the calculated dose from internally deposited
radioactivity is based, are contained in the term for the cumulated activity A, while
the balance of the right-hand side of Eq. (6.86) deals with physical data and mea-
surements. The absorbed fraction ¢; represents the fraction of the energy that is
absorbed by the total organ or tissue. According to Eq. (6.86), we must divide the
total absorbed energy, Y ¢;A;, by the mass of the target organ m. Rather than con-
sider the fraction of energy absorbed by the target organ and then divide by the
organ weight, it may be more convenient to use the specific absorbed fraction ®;.

®— absorbed fraction _ ¢ ‘ (6.91)

organ mass m

This is the fraction of the absorbed energy per unit mass of target tissue from
the ith particle emitted in the source organ. Specific absorbed fractions of photons
of several energies for reference person, which were calculated by Monte Carlo
methods, are tabulated in Appendix D. Specific absorbed fractions for beta or alpha
radiation are easily calculated. In a large medium containing a uniformly distributed
beta or alpha emitter, essentially all of the emitted energy is absorbed. For the case
where the target and source are the same organ and where the range of the radiation
from the deposited radioisotope is less than the smallest dimension of the organ in
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which it is deposited, the specific absorbed fraction in an organ of mass m may be
closely approximated by
1
o= _ 2 (6.92)
m - m
When the target organ is widely separated from the source organ, that is, when the dist-
ance between them is greater than the range of beta or alpha particles, then the target
absorbs no energy from the source, and ® = 0. For the case where the target tissue
is a region surrounded by the source, the specific absorbed fraction in the target is

o= _ L (6.93)

m (source)

For example, if a beta emitter is uniformly distributed throughout the body, then
the specific absorbed fraction to the liver from the radioactivity outside the liver, if
the liver weighs 1.8 kg and the person weighs 70 kg, is

1
T 70-1.8

When the specific absorbed fraction is used, the absorbed dose is given by

@ =1.47 x 1072 kg™ .

D=1y Ao, (6.94)

Since every organ in the body is a target for radiation from the source organ, the
exact target—source relationship is identified explicitly by the symbol

(rx <= 11),

where r; represents the target organ and r; represents the source organ. Thus, the
dose to target organ rj, from activity A, in source organ r, is written as

D(Tk < ’I”h) = AhZAicDi(Tk < Th). (6.95)

Using the specific absorbed fraction, we can define the quantity

St < 1) = Y A (1 < 7). (6.96)

Since S depends only on physical factors, such as the geometrical relationship be-
tween the source and the target, we can calculate the value of S for all of the target—
source relationships of interest and for any radioisotope in the source organ. The
dose to any target organ r; from a source organ r, is then

D(ry < 1) = Ay x S(ry < 11). (6.97)
Furthermore, since the radioactivity is usually widespread within the body, a target

organ may be irradiated by several different source organs. The dose to the target,
therefore, is

D(re) =Y D(ry < 13). (6.98)
h

Tables of S(r;, < r;), per unit cumulated activity for numerous target and source
organs and for numerous radionuclides of interest, are published in MIRD Pamphlet
No. 11. Tables 6-9 and 6-10, which are excerpted from Pamphlet No. 11, give the
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TABLE 6-9. S, Absorbed Dose per Unit Cumulated Activity (rad/uCi - h) Mercury-203 (Half-Life 1.12E—03 h)

SOURCE ORGANS

INTESTINAL TRACT
Other

TARGET Bladder  Stomach Y| ULl LLI Tissue

ORGANS Adrenals Contents Contents Contents Contents Contents Kidneys Liver Lungs (Muscle)
Adrenals 1.6E—02 3.6E—07 4.2E—-06 2.7E-06 1.7E-06 8.4E—07 1.9E-05 9.0E-06 4.4E—-06 2.7E—-06
Bladder wall 2.1E-07 6.6E—04 5.0E—07 5.0E-06 3.8E—06 1.1E-05 5.9E-07  3.6E-07 1.0E-07 3.2E-06
Bone (total) 2.9E-06 1.3E-06 1.3E-06 1.8E-06 1.6E-06 2.3E-06 2.1E-06 1.6E-06 2.1E-06 1.9E—06
Gl (stom. wall) 5.3E-06 5.2E-07 5.1E—-04 6.5E-06 6.7E—06 3.2E-06 6.1E-06  3.5E-06 3.3E-06 2.5E-06
Gl (SI) 1.6E-06 5.1E-06 4.7E-06 3.2E-04 3.0E-05 1.7E-05 51E-06 3.0E-06 3.9E-07 2.8E—-06
Gl (ULl wall) 1.7E-06 4.2E—06 6.3E—-06 4.2E—05 5.5E—04 7.7E—06 5.2E—06  4.5E-06 4.9E—07 2.9E-06
Gl (LLI wall) 4.6E—07 1.3E-05 2.3E-06 1.3E-05 5.4E—06 8.7E—04 1.56-06  4.6E-07 1.8E—07 3.1E—-06
Kidneys 2.1E-05 5.5E—07 6.3E—-06 5.5E-06 5.0E—06 1.7E-06 8.1E—04 6.9E-06 1.7E-06 2.5E-06
Liver 8.9E—06 4.1E—07 3.6E—06 3.3E-06 4.6E—06 5.3E-07 7.0E-06  1.6E-04 4.4E-06 2.0E—06
Lungs 4.4E—-06 5.6E—08 3.1E-06 4.8E—07 5.2E-07 1.6E—07 1.6E-06  4.5E—06 2.4E—04 2.4E-06
Marrow (red) 5.2E-06 3.0E-06 2.3E-06 5.8E—06 5.0E-06 6.9E-06 53E-06 23E-06 2.7E-06 2.9E—-06
Other tissues (musc.) 2.7E-06 3.2E-06 2.5E-06 2.8E-06 2.7E-06 3.1E-06 2.5E-06  2.0E-06 2.4E-06 1.0E-05
Ovaries 1.0E—06 1.3E-05 8.1E—07 1.8E—05 2.1E—-05 3.4E—05 2.2E-06  7.6E-07 2.3E-07 3.6E-06
Pancreas 1.5E—05 5.2E-07 3.2E-05 3.7E-06 4.1E-06 1.3E-06 1.2E-05 7.4E-06 4.7E-06 3.2E-06
Skin 1.1E—06 1.1E-06 9.0E—07 8.5E—07 8.6E—07 9.8E—07 1.1E-06  9.8E—07 1.1E-06 1.5E—06
Spleen 1.2E-05 3.3E-07 1.8E-05 2.8E-06 2.5E-06 1.5E-06 1.6E-05 1.7E-06  4.1E-06 2.6E-06
Testes 9.2E—08 8.4E—06 9.9E—08 6.3E-07 6.5E—-07 3.7E-06 2.2E-07  1.6E-07 2.8E-08 2.1E-06
Thyroid 3.0E-07 9.0E-09 2.3E-07 4.8E-08 5.2E-08 2.0E-08 1.3E=07 3.8E-07 1.7E-06 2.4E-06
Uterus (nongrvd) 3.3E-06 2.8E—05 1.5E—06 1.7E—05 8.5E—06 1.2E-05 1.86—06  7.2E-07 1.7E-07 4.0E—06
Total body 6.0E-06 3.7E-06 4.1E-06 6.0E-06 4.9E-06 5.2E-06 6.0E-06  6.1E-06 5.6E-06 5.5E-06

(Continued)
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TABLE 6-9. S, Absorbed Dose per Unit Cumulated Activity (rad/wCi - h) Mercury-203 (Half-Life 1.12E—03 h) (Coninued)

SKELETON

TARGET Red Cort. Tra. Total

ORGANS Ovaries Pancreas Marrow Bone Bone Skin Spleen Testes Thyroid Body

Adrenals 7.7E=07 1.5E—05 4.4E-06 2.5E—06 2.5E—06 1.4E—06 1.2E—05 9.2E-08 3.0E-07 6.5E—06
Bladder wall 1.2E-05 3.0E-07 1.4E-06 9.3E-07 9.3E-07 1.0E-06 2.9E-07 8.8E-06 9.1E-09 6.2E—-06
Bone (total) 2.1E-06 2.0E-06 1.0E-05 4.9E-05 4.0E-05 1.6E-06 1.6E-06 1.4E-06 1.5E-06 6.0E-06
Gl (stom. wall) 1.4E-06 3.3E-05 1.9E-06 1.0E-06 1.0E-06 1.0E-06 1.7E-05 1.2E-07 1.1E-07 6.4E-06
Gl (SI) 2.1E-05 3.3E-06 4.7E-06 1.4E-06 1.4E-06 9.0E-07 2.5E-06 8.0E-07 2.4E-08 6.6E-06
Gl (ULl wall) 2.0E-05 4.0E-06 3.8E-06 1.3E-06 1.3E-06 8.9E-07 2.3E-06 6.4E-07 2.0E-08 6.3E-06
Gl (LLI wall) 2.6E-05 1.0E—-06 5.3E-06 1.9E—06 1.9E—06 9.4E-07 1.2E-06 5.1E-06 1.6E-08 6.2E-06
Kidneys 1.8E—06 1.1E—-05 4.1E-06 1.6E—06 1.6E—06 1.2E—06 1.6E—05 1.2E-07 7.3E—08 6.1E-06
Liver 1.1E-06 7.8E—06 1.8E—06 1.2E—06 1.2E—06 1.1E-06 1.9E-06 7.7E-08 2.3E-07 6.0E-06
Lungs 1.4E—-07 4.5E—06 2.2E-06 1.8E—06 1.8E—06 1.2E—=06  4.0E—06 2.2E-08 1.8E—06 5.6E—-06
Marrow (red) 7.2E-06 3.8E-06 1.3E—-04 6.5E-06 3.5E-05 1.5E—06 2.5E-06 1.1E-06 1.7E-06 6.4E-06
Other tissues (musc.) 3.6E-06 3.2E-06 2.3E-06 1.9E-06 1.9E-06 1.5E-06 2.6E-06 2.1E-06 2.4E-06 5.5E-06
Ovaries 2.1E-02 6.0E-07 4.7E-06 1.4E-06 1.4E-06 8.0E-07 1.2E-06 0.0 1.9E—08 6.3E-06
Pancreas 9.1E-07 2.5E-03 3.0E-06 1.9E—06 1.9E—06 1.0E—06 3.4E-05 1.2E—-07 1.8E—07 6.7E-06
Skin 1.5E-07 8.1E-07 1.2E-06 1.4E-06 1.4E-06 8.4E-05 9.6E-07 2.7E-06 1.5E—06 4.5E-06
Spleen 1.0E—-06 3.5E-05 1.6E—06 1.3E—06 1.3E—06 1.1E-06 1.4E—03 8.6E—08 2.2E-07 6.2E-006
Testes 0.0 1.3E—07 6.1E-07 1.1E-06 1.1E-06 1.8E—06 1.3E-07 6.6E—-03 2.8E-09 5.3E-06
Thyroid 1.9E—08 2.9-07 1.4E—06 1.7E-06 1.7E-06 1.4E-06  2.2E-07 2.8E-09 1.1E-02 5.3E-06
Uterus (nongrvd) 3.7E-05 1.1E-06 4.0E-06 1.1E-06 1.1E-06 7.8E-07 7.4E-07 0.0 1.8E-08 6.7E-06
Total body 6.7E-006 6.6E—006 5.9E-006 5.6E—006 5.6E—06 4.5E-06  6.1E-06 5.5E—006 5.3E-06 5.6E—06

Reprinted by permission of the Society of Nuclear Medicine from Snyder WS, Ford MR, Warner GG, Watson SB. MIRD Pamphlet No. 11: S” Absorbed Dose per Unit Cumulated Activity for
Selected Radionuclides and Organs. Reston, VA: Society of Nuclear Medicine; 1975.
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TABLE 6-10. S, Absorbed Dose Per Unit Cumulated Activity, (rad/uCi - H) Technetium-99M (Half-Life, 6.03 h)

SOURCE ORGANS

INTESTINAL TRACT

Other
TARGET Bladder  Stomach \| ULl LLI Tissue
ORGANS Adrenals Contents Contents Contents Contents Contents Kidneys Liver Lungs (Muscle)
Adrenals 3.1E-03 1.5E—07 2.7E-06 1.0E—06 9.1E-07 3.6E-07 1.1E-05 4.5E—-06 2.7E—06 1.4E-06
Bladder Wall 1.3E-07 1.6E—04 2.7E-07 2.6E-06 2.2E-06 6.9E—-06 2.8E—07  1.6E—07 3.6E—08 1.8E—06
Bone (Total) 2.0E—06 9.2E—07 9.0E—07 1.3E-06 1.1E—06 1.6E—06 1.4E-06  1.1E-06 1.5E—06 9.8E—07
Gl (Stom Wall) 2.9E-06 2.7E-07 1.3E-04 3.7E-06 3.8E—-06 1.8E—06 3.6E-06  1.9E—06 1.8E—06 1.3E-06
Gl (3)) 8.3E—07 3.0E—-06 2.7E-06 7.8E—05 1.7E-05 9.4E—06 2.9E-06 1.6-06 1.9E—07 1.5E—06
Gl (ULl Wall) 9.3E-07 2.2E-06 3.5E-06 2.4E-05 1.3E—-04 4.2E-06 29E-06  2.5E-06 2.2E-07 1.6E-06
Gl (LLI Wall) 2.2E—07 7.4E—06 1.2E-06 7.3E-06 3.2E-06 1.9E—04 7.2E-07  2.3E-07 7.1E-08 1.7E—06
Kidneys 1.1E-05 2.6E—07 3.5E-06 3.2E-06 2.8E—06 8.6E—07 1.9E-04 3.9E-06 8.4E—07 1.3E—06
Liver 4.9E—06 1.7E—07 2.0E-06 1.8E—06 2.6E—-06 2.5E-07 3.9E—06  4.6E—05 2.5E—06 1.1E-06
Lungs 2.4E—06 2.4E-08 1.7E-06 2.2E-07 2.6E-07 7.9E-08 8.5E—07  2.5E—06 5.2E—05 1.3E—06
Marrow (red) 3.6E-06 2.2E-06 1.6E-06 4.3E-06 3.7E-06 5.1E-06 3.8E—-06 1.6E-06 1.9E-06 2.0E-06
Other Tissues (Musc.) 1.4E-06 1.8E—06 1.4E-06 1.5E-06 1.5E-06 1.7E-06 1.3E-06 1.1E-06  1.3E-06 2.7E-06
Ovaries 6.1E-07 7.3E—06 5.0E—07 1.1E-05 1.2E—05 1.8E—05 1.1E-06  4.5E—-07 9.4E—08 2.0E-06
Pancreas 9.0E—06 2.3E-07 1.8E—05 2.1E-06 2.3E-06 7.4E-07 6.6E—06  4.2E—06  2.6E-06 1.8E—006
Skin 5.1E-07 5.5E—07 4.4E—-07 4.1E—-07 4.1E—07 4.8E—07 5.3E-07 4.9E-07 5.3E-07 7.2E—07
Spleen 6.3E-06 6.6E-07 1.0E-05 1.5E-06 1.4E-06 8.0E-07 8.6E-06  9.2E-07  2.3E-06 1.4E-06
Testes 3.2E-08 4.7E—-06 5.1E-08 3.1E-07 2.7E-07 1.8E—06 8.8E—08  6.2E—08 7.9E-09 1.1E-06
Thyroid 1.3E-07 2.1E-09 8.7E-08 1.5E-08 1.6E-08 5.4E-09 4.8E-08 1.5e—07  9.2E-07 1.3E-06
Uterus (Nongrvd) 1.1E-06 1.6E—05 7.7E—07 9.6E-06 5.4E-06 7.1E-06 9.4E—07  3.9E—07 8.2E-08 2.3E-06
Total Body 2.2E-06 1.9E-06 1.9E-06 2.4E-06 2.2E-06 2.3E-06 2.2E-06  2.2E-06 2.0E-06 1.9E—-06

(Continued)
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TABLE 6-10. S, Absorbed Dose Per Unit Cumulated Activity, (rad/uCi - H) Technetium-99M (Half-Life, 6.03 h) /Continued)

SKELETON

TARGET Red Cort. Tra. Total

ORGANS Ovaries Pancreas Marrow Bone Bone Skin Spleen Testes Thyroid Body

Adrenals 3.3E-07 9.1E-06 2.3E-06 1.1E-06 1.1E-06 6.8E-07 6.3E-06 3.2E-08 1.3E-07 2.3E-06
Bladder Wall 7.2E—-06 1.4E-07 9.9E—-07 5.1E-07 5.1E-07 4.9E-07 1.2E-07 4.8E-06 2.1E-09 2.3E-06
Bone (Total) 1.5E-06 1.5E-06 4.0E-06 1.2E-05 1.0E-05 9.9E-07 1.1E-06 9.2E-07 1.0E-06 2.5E-06
Gl (Stom Wall) 8.1E-07 1.8E—-05 9.5E-07 5.5E-07 5.5E-07 5.4E-07 1.0E-05 3.2E-08 4.5E-08 2.2E-06
Gl (SI) 1.2E-05 1.8E-06 2.6E-06 7.3E-07 7.3E-07 4.5E-07 1.4E-06 3.6E-07 9.3E-09 2.5E-06
Gl (ULl Wall) 1.1E-05 2.1E-06 2.1E-06 6.9E—-07 6.9E-07 4.6E-07 1.4E-06 3.1E-07 1.1E-08 2.4E-06
Gl (LLI Wall) 1.5E—05 5.7E-07 2.9E-06 1.0E-06 1.0E-06 4.8E-07 6.1E-07 2.7E-06 4.3E-09 2.3E-06
Kidneys 9.2E-07 6.6E-06 2.2E-06 8.2E-07 8.2E-07 5.7E-07 9.1E-06 4.0E-08 3.4E-08 2.2E-06
Liver 5.4E-07 4.4E—-06 9.2E-07 6.6E—-07 6.6E-07 5.3E-07 9.8E—-07 3.1E-08 9.3E-08 2.2E-06
Lungs 6.0E-08 2.5E-06 1.2E-06 9.4E-07 9.4E-07 5.8E-07 2.3E-06 6.6E-09 9.4E-07 2.0E-06
Marrow (Red) 5.5E-06 2.8E—-06 3.1E-05 4.1E-06 9.1E-06 9.5E-07 1.7E-06 7.3E-07 1.1E-06 2.9E-06
Other Tissues (Musc.) 2.0E-06 1.8E-06 1.2E-06 9.8E-07 9.8E-07 7.2E-07 1.4E-06 1.1E-06 1.3E-06 1.9E-06
Ovaries 4.2E-03 4.1E-07 3.2E-06 7.1E-07 7.1E-07 3.8E-07 4.0E-07 0.0 4.9E-09 2.4E—-06
Pancreas 5.0E-07 5.8E-04 1.7E-06 8.5E-07 8.5E-07 4.4E-07 1.9E-05 5.5E-08 7.2E-08 2.4E-06
Skin 4.1E-07 4.0E-07 5.9E-07 6.5E—-07 6.5E-07 1.6E-05 4.7E-07 1.4E-06 7.3E-07 1.3E-06
Spleen 4.9E—-07 1.9E—05 9.2E-07 5.8E—-07 5.8E—-07 5.4E-07 3.3E-04 1.7E—08 1.1E-07 2.2E-06
Testes 0.0 5.5E-08 4.5E-07 6.4E—-07 6.4E—-07 9.1E-07 4.8E-08 1.4E-03 5.0E-10 1.7E-06
Thyroid 4.9E-09 1.2E—07 6.8E—-07 7.9e—-07 7.9E—-07 6.9E—-07 8.7E—-08 5.0E-10 2.3E-03 1.5E—06
Uterus (Nongrvd) 2.1E-05 5.3E-07 2.2E—-06 5.7E-07 5.7E-07 4.0E-07 4.0E-07 0.0 4.6E-09 2.6E-06
Total Body 2.6E-06 2.6E-06 2.2E-06 2.0E-06 2.0E-06 1.3E-06 2.2E—-06 1.9E—06 1.8E—06 2.0E-06

Reprinted by permission of the Society of Nuclear Medicine from Snyder WS, Ford MR, Warner GG, Watson SB. MIRD Pamphlet No. 11: S” Absorbed Dose per Unit Cumulated Activity for
Selected Radionuclides and Organs. Reston, VA: Society of Nuclear Medicine; 1975.
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values of S for 2?Hg and *™Tc. The use of the “S” tables in calculating internal dose
is illustrated by Example 6.18.

Tl -
\é@' EXAMPLE 6.18

An accidental inhalation exposure to 2OgHg-tagged mercury vapor led to a deposition
of 0.5 MBq (13.5 uCi) 203Hg (Tk = 47 days) in the kidneys. Calculate the dose
commitment to the kidneys from this exposure.

Solution

The ICRP biokinetic model for inorganic mercury (ICRP Publication 30/2, 1980)
assumes that after transfer from the blood, 8% of the absorbed Hg is in the kidneys
and 92% is uniformly distributed throughout the body. Of all the body’s Hg content,
whether in the kidneys or elsewhere, 95% is assumed to be cleared with a biological
half-life of 40 days and 5% with a biological halflife of 10,000 days.

The decay scheme for 2**Hg (Fig. 6-13) shows that the mercury emits a single
group of beta particles whose maximum energyis 0.213 MeV and whose mean energy

203
80 Hg 46.9d MERCURY-203 BETA-MINUS DECAY
B
OUTPUT DATA
—— 0.2791
Mean
number/  Mean
disinte-  energy Ai

\2 gration  (MeV) (mﬁ)

Radiation (i) (n) (E) uCi-h

0.0 Beta-1 1.00 0.0580 0.1235

. Gamma-1 0.817 0.2791 0.4857

STABLE 203 T Kint. con. electron, gamma-1  0.132  0.1936  0.0544

81 L int. con. electron, gamma-1  0.0390 0.2648 0.0220

M int. con. electron, gamma-1 00117 0.2761 0.0069

Ko-1 x-rays 0.0634 0.0729  0.0098

INPUT DATA K a-2 x-rays 0.0350 0.0708 0.0053

%/di T . K -1 x-rays 0.0223 0.0826 0.0039

: n/:e‘é'rsa' rean’g'r'g?” oth | K p-2 x-rays 0.0063 0.0855  0.0011

= er nuclear

. Ny L a x-rays 0.0273  0.0103 0.0006
Radiation tion (MeV) parameters L p x-rays 0.0256 00122 0.0007
Beta-1 100. 0.213*  Allowed Ly x-rays 0.0035 0.0143  0.0001
Gamma-1  100.  0.2791 E2 + 38% M1, ax = 0.162, KLL Auger electron 0.0032  0.0570  0.0004
K/L =339, KM =113 KLX Auger electron 0.0018  0.0683 0.0003

- KXY Auger electron 0.0003 0.0796 0.0001
Ref.: Lederer, C. M. et al, Table of isototops, 6th ed. LMM Auger electron 0.0893 0.0084 0.0016

* Endpoint energy (MeV). MXY Auger electron 0271  0.0030  0.0017

Figure 6-13. Transformation scheme and input and output data for 2°*Hg dosimetry. (Reprinted by
permission of the Society of Nuclear Medicine from Dillman LT. MIRD Pamphlet No. 4: Radionuclide
Decay Schemes and Nuclear Parameters for Use in Radiation Dose Estimation. J Nucl/ Med. March
1969; 10(2 Suppl):1-32.
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is listed in the output data as 0.058 MeV. A 0.279-MeV gamma ray is emitted after
each beta transformation. The gamma ray, however, is internally converted in 18.3%
of the transformations, thus leading to conversion electrons from the K, L, or M
energy levels and, therefore, effective gamma-ray emission occurs in only 81.7% of
the transformations.

Table 6-9 lists the absorbed dose per unit cumulated 2**Hg activity. For the kidneys
as the source, S (kidneys < kidneys) = 8.1 x 10~* rad/uCi - h, and for the total
body as the source, the dose to the kidney, S (kidneys < total body) = 6.1 x 107°
rad/uCi - h. The total dose to the kidneys is the sum of the doses due to the 2**Hg
deposited in the kidneys, and also of the radiomercury in the rest of the body. If
0.5 MBq (13.5 nCi) in the kidneys represents 8% body burden of Hg, then the total
activity in the body is

0.5MBq

= 6.25 MBq (168.9 1Ci).

Since 0.5 MBq is in the kidneys, the amount of ?*Hg distributed throughout the
rest of the body is 6.25 — 0.5 = 5.75 MBq.

Of the 6.25 MBq deposited in the body, 95%, or 5.938 MBq, will be eliminated
with an effective half-life, Tz, from Eq. (6.54):

_ Trx Ty  47days x 40 days
T T+ Ty 47days + 40 days

g = 21.6 days,

and the remaining 5% of the deposited 2**Hg will have an effective halflife of
47 days. The corresponding effective clearance rate constants are

0.693

| =———— =3%2x1072d"!
21.61 days
and
0.693 .
ho = =1.47x1072d7".
47 days
The cumulated activity in the kidney is given by extending Eq. (6.90) to several
compartments, ci, Cg, ..., Cp, Within an organ or a tissue is given as
~ . (0 , (0 A, (0
A:M_{-M—kun—kﬁ, (6.99)
AR, AE, AE

n

From Table 6-9, we find S (kidneys <— kidneys) to be 8.1 x 107* rad/uCi- h.
To convert rad/uCi - h to Gy/Bq - d:
Gy rad 1Gy 1 uCGi 24h

= - X X X
Bq-d uGCi-h = 100rad = 3.7x 10'Bq = d

Gy  rad
Bq-d uCi-h

x 6.5 x 1075, (6.100)

Using the conversion factor in Eq. (6.100) we find that
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d ‘ G
A 65 x100=597x109—"—

S (kidney < kidney) = 8.1 x 10—4MCi T Bq. d

The dose to the kidney from the mercury within the kidney is calculated from Eq.
(6.97):

D(Tk <~ Th) = Ah, X S(’I‘k <~ Th)
G g
D (kidney < kidney) = 1.65 x 107 Bq - d x 5.27 x 10—9B—Yd = 8.7 x 102Gy.
q .
The contribution of the 2**Hg distributed throughout the rest of the body to the

kidney dose is now calculated by multiplying the cumulated body activity, A, by the
value S(kidney < body) from Table 6-9. The cumulated activity in the body is

Ap, (0) n Ap, (0)

A(body) = o .
] Lo
Abodyy 090X 575 x 10°Bq | 0.05x 5.75 x 10°Bg _ o0 o
(body) == o 1021 T 1arx102ar Y0¥ 1-¢

The S (kidney < body) value from Table 6-9 is 6.1 x 107% rad/uCi - h. This value is
converted to SI units with Eq. (6.100)

Gy omad e 1076
Bq-d wuCGi-h '

‘ G
=61x10°x65x1070=397x10"11—2_
Bq-d

The dose to the kidney from the mercury distributed throughout the rest of the
body is calculated from Eq. (6.97):

D(’I‘k < T}L) = Ah X S(’I’k < rh)
D (kidneys < body) = A (body) x S (kidneys <— body)

G
— 1.903 x 10°Bq - d x 3.97 x 10711
Bq-d

= 7.555 x 1073Gy.
The total dose to the kidneys is the sum of the dose from each of the two sources:

D (kidneys) = D(kidneys <— kidneys) 4 D (kidneys < body)
D (kidneys) = 8.72 x 1072 Gy + 7.555 x 107 Gy = 9.48 x 10~% Gy (9.48 rads).

Equation (6.99) tells us that the cumulated activity in an organ or tissue is given

by
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~ A, (0 A, (0 A, (0
Ao A0 A0 A0
AR, AE, AE

n

and Eq. (6.97) tells us that the dose to any organ is given by the product of the
cumulated activity in the source organ and the appropriate S factor:

D(Tk < Th) = Ah X S(rk < Th).

If we substitute the expression for A from Eq. (6.99) into Eq. (6.97), we get

Ape, (0) A, (0 Ape, (0
D(Tk<—7h)=< ;i;( ) + ;;( )—i---' + }T()) X S(ry < 13)
c1 23 Cn
A,
=D L X S < ). (6.101)
)"E(:,

In Chapter 4, we showed that the average life of aradioisotope is simply the reciprocal
of the transformation rate constant. Since the clearance of internally deposited
radionuclides follows the same kinetics as radioactive transformation, it follows that
the mean residence time of an internally deposited radionuclide is given by the
reciprocal of the effective clearance rate constant, or its equivalent, 1.44 times the
effective half-life:

1
T=—=144"1:. (6.102)
AE

If the expression for 1/ from Eq. (6.102) is substituted into Eq. (6.101), we obtain
D(ne 1) =Y Tui A (0) x S(ry < 1), (6.103)
where 7,,; is the residence time in the ¢th compartment of organ h.

The use of the mean residence time may be illustrated by the example that follows
below.

\%@

EXAMPLE 6.19

Calculate the dose from an accidental intake of '*’Cs that led to an initial body
burden of 1 MBq (which was determined by whole-body counting).

Solution

The retention curve for '*’Cs is given by Eq. (6.59) as

q

V) =0.1go o= (0:693t/2days) | g % o (0-693/110 days)
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and MIRD Pamphlet No. 11 gives the S(body < body) value for 137Cs together with
its very shortlived daughter '*"™Ba as 1.4 x 107 rad/uCi-day (3.8 x 1075 Gy/MBq-
day).

The mean residence time 7 in compartment 1 is calculated as follows:

71 = 1.44 x 2 days = 2.88 days.

Since compartment 1 contained 10% of the activity, the cumulated activity in com-
partment 1 is

A =0.1x 1MBq x 2.88d = 0.288 MBq - d.

The dose due to compartment 1 is calculated with Eq. (6.97):
Dy = 0.288MBq - d x 3.8 x 107® Gy/ (MBq-d) = 1.09 x 107° Gy.
For compartment 2, the mean residence time, Ty, is

79 = 1.44 x 110 days = 158.4 days
and

As = 0.9 x 1 MBq x 158.4 days = 142.6 MBq - d.
The dose from the radiocesium in compartment 2 is
Dy = 142.6 MBq - d x 3.8 x 107° Gy/ (MBq - d) = 5.42 x 107* Gy.
The total dose is the sum of the doses from the two compartments:

D =D;+ Dy =1.09x 107°Gy +5.42 x 107* Gy = 5.43 x 10~* Gy
= 0.543 mGy (54.3 mrads).

ICRP Methodology

The MIRD methodology was developed to calculate doses from radionuclides that
are administered for medical purposes. The ICRP methodology was developed to
calculate doses from internally deposited radionuclides for health physics purposes.
Since the objective for both methods is the same, namely to calculate a dose from
an internal emitter, it is not surprising that the two methods are essentially the
same. However, although they come to the same end point, the two computational
methodologies use different terminology in constructing their formulations. An-
other difference between the two, which in most cases is trivial, is that the MIRD
formulation calculates the dose in gray by integrating the dose rate over an infinitely
long time after intake of the radionuclide, while the ICRP formulation calculates the
equivalent dose in sievert (or rems when the traditional units are used) accumulated
during 50 years after the intake.
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The dose to a single target from a single radionuclide in a single source organ
(for multiple sources and multiple radionuclides, we merely sum the contributions
of each source and each radionuclide.) is given by MIRD, Eq. (6.97) as

D(Vk <~ Th) = Ah X S(Tk <~ Th).
The ICRP formulation is given as

Sv

transf.’

Hio.1 (T < S) = Ustransf. x SEE (T < S) (6.104)

where

Hso (T < S) is the equivalent dose accumulated during 50 years after intake,

Us is the total number of disintegrations during 50 years after intake, and

SEE (T < S) is the specific effective energy absorbed per gram of target tissue
from each radiation, R, emitted from activity in the source organ.

Itis calculated from the following equation:

SEE (T < S)
ticl ffectiveMeV 1S

Y PAUAES g ) SHEV MV 61078 I ar(r < ), Y
_ Z trans. particle MeV o eff.]
B n mt kg trans

S
- (6.105)

trans

where

Yris the fractionalyield, per disintegration, of the radiation under consideration,

wr is the radiation weighting factor (formerly symbolized by Q),

wg = 1 for gamma and beta radiation, and 20 for alphas,

AF (T <= S)r is the absorbed fraction from radiation R in 7 per transformation
in S, and?®

mr is the mass of 7, in kg.

Comparison of Egs. (6.97) and (6.104) shows that the MIRD and ICRP equations
are essentially the same. There are two differences between them: One is that the
MIRD is the total lifetime dose, expressed in Gy (or rads in traditional units) while
the ICRP dose is the effective dose, expressed in Sv (or rems in traditional units) for

Tables of specific absorbed fractions may be found in Cristy and Eckerman, ORNL/
NUREG/TM 8381.
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the 50-year period following intake. The equations show that the ICRP analogs of
the MIRD formulation are the following:

MIRD ICRP
D(ri< rp), Total lifetime dose, Hso, 7 (T <= S) 50-yr equivalent dose, Sv
Gy A,Cumulated activity, Bg-d Us, Total number of transformations in 50 yrs.
S
Slreer4), —— SEE(T < ),
Bg-d trans.

The application of the ICRP notation is illustrated by the following example:

\%‘@.

EXAMPLE 6.20

Fifty percent of the activity in inhaled soluble 2!°Po particles is transferred to the
blood. Of the polonium transferred to the blood, fractions of 0.1, 0.1, 0.1, and 0.7
are assumed to go to the liver, kidney, spleen, and all the other tissues, respectively.
Having entered these tissues, the polonium is assumed to be retained with a bio-
logical half-life of 50 days. Calculate the dose to the spleen (m = 150 g) due to the
inhalation of 1 Bq ?!°Po particles.

Solution

210p5 emits one 5.3-MeV alpha particle per transformation, in which 5.4 MeV are
dissipated (5.3 MeV plus 0.1 MeV 2%Ph daughter recoil energy).
The effective half-life of 2°Po is

and

Ty x Ty _ 50days x 138 days
Ty + Tk 50days + 138 days

E = 36.7 days,

the effective clearance rate constantis Ay = 0.693/ Tz = 0.019 per day.

Inhalation of 1 Bq 210pg Jeads to a deposition in the spleen of

q

The
Eq.

Us =

(spleen) = 0.5 x 1 Bq x 0.1 = 0.05Bq.

total number of transformations in the spleen, U, is found with the aid of
(6.90):

tps .S
0.06Bg x 1 — x 8.64 x 10* —
4s0) _ T g

A 0.019d7! = 2.3 x 10° transformations.
E .
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Since we are dealing with alpha particles, the absorbed fraction (AF) is equal to 1.
The equivalent dose to the spleen due to the #!°Po in the spleen is calculated with
Eq. (6.105):

Y E AF(T < S 1S
HEO(T(_S)RZUS RX( XIUR) ( <~ )RX1.6X10_13X'—V.
mr effective J/kg
Hs (spleen < spleen)
M
5.4 0V, 20) x 1 X 1.6x 1071 3
5 o trans. MeV  1Sv
= 2.3 x 10’trans. x x
0.15 kg J/kg

=2.6 x 107°Sy.

The committed equivalent dose to the spleen is thus found to be 2.6 x 1075 Sv
Bq~! #!Po inhaled.

EXTERNAL EXPOSURE: NEUTRONS

Exposure to neutrons is always from an external source. However, because one as-
pect of neutron-dose calculation simulates the dose from a uniformly distributed

radionuclide, discussion was deferred until this point in the chapter.

Fast Neutrons

The absorbed dose from a beam of neutrons may be computed by considering the
energy absorbed by each of the tissue elements that react with the neutrons. The
type of reaction, of course, depends on the neutron energy. For fast neutrons up to
about 20 MeV, the main mechanism of energy transfer is elastic collision. Thermal
neutrons may be captured and initiate nuclear reactions. In cases of elastic scattering
of fast neutrons, the scattered nuclei dissipate their energy in the immediate vicinity
of the primary neutron interaction. The radiation dose absorbed locally in this way
is called the first collision dose and is determined entirely by the primary neutron
flux; the scattered neutron is not considered after this primary interaction. For fast

neutrons, the first collision dose rate from neutrons of energy E is

_$BEY, Noif

D) = g /Gy

where

¢ (E) = flux of neutrons whose energy is E, in neutrons per cm? per second,
N; = number of atoms per kilogram of the ith element,

(6.106)

o0; = scattering across section of the ith element for neutrons of energy F, in

barns x 10~2* cm?2, and

J = mean fractional energy transferred from neutron to scattered atom

during collision with the neutron.
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TABLE 6-11. Synthetic Tissue Composition

ELEMENT % MASS n (Atoms/kg) f

Oxygen 71.39 2.69 X 10%° 0.111
Carbon 14.89 6.41 X 10%* 0.142
Hydrogen 10.00 5.98 X 10%° 0.500
Nitrogen 3.47 1.49 X 1024 0.124
Sodium 0.15 3.93X 10%? 0.080
Chlorine 0.10 1.70 X 1022 0.053

(Reprinted by permission of the Society of Nuclear Medicine from Brownell GL, Ellet WH, Reddy AR. MIRD Pamphlet No.
3: Absorbed Fractions for Photon Dosimetry. J Nuclear Med. February 1968; 9(1 Suppl):29-39.)

For isotropic scattering, the average fraction of the neutron energy transferred in
an elastic collision with a nucleus of atomic mass number M is
7 2M

= G (6.107)

The composition of soft tissue, for the purpose of radiation dosimetry is given in
Table 6-11. The table also lists the average fraction of the neutron energy transferred
to each of the tissue elements.

6 .
\&@' EXAMPLE 6.21

What is the absorbed dose rate to soft tissue in a beam of 5-MeV neutrons whose
intensity is 2000 neutrons/cm?2/second?

Solution

The scattering cross sections of each of the tissue elements for 5-MeV neutrons
are listed below:

ELEMENT g, x 10~%*ecm? Njo;f;

6] 1.55 4.628

C 1.65 1.502

H 1.50 4.485 x 10!
N 1.00 1.848 x 107!
Na 2.3 7.231 x 1073
al 2.8 2.523 x 1073

2

cm

> Mo fi=5.117 x 10" —
kg

Substituting the appropriate values into Eq. (6.106) yields

t M 2

9 x 103 2EHTONS o vV rex10® 5107 9

b — m?2/s (neutron) MeV kg
! 1 J/kg/Gy

G rad
8.19 x 1075 = (8.19 % 107 5) ,
S S
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or

8.19 x 1078

6 MGy 38 _
x 10 e x 3.6 x 10 o= 295 nGy/h(29.5 mrads/h).
Y

Gy

In the example above, the neutron beam was monoenergetic and thus only one
neutron energy was considered. If a beam contains neutrons of several energies,
then the calculation must be carried out separately for each energy group.

Thermal Neutrons

For thermal neutrons, two reactions are considered, namely, the 14N(n, ) 4C reac-
tion and the "H(#n, ¥)?H reaction. For the former reaction, the dose rate may be
calculated from the equation

13 J
' G Nnon Q x 1.6 x 10713 —L_
D, ,= MeV (6.108)
’ 1J/kg
Gy

where

¢ = thermal flux, neutrons/cm? /s,

Ny = number of nitrogen atoms per kg tissue, 1.49 x 1024,

o y = absorption cross section for nitrogen, 1.75 x 10=2* cm?, and
Q = energy released by the reaction = 0.63 MeV.

The latter reaction, 'H(n, y)?H is equivalent to having a uniformly distributed
gamma-emitting isotope throughout the body and results in an auto-integral gamma-
ray dose. The specific activity of this distributed gamma emitter, the number of
reactions per second per gram, is governed by the neutron flux and is given by
Eq. (6.109)

//Bq//
kg ’

A= ¢ Nuon (6.109)

where

¢ = thermal flux, neutrons/cm?/s,

N = number of hydrogen atoms per kg tissue = 5.98 x 10%°, and

oy = absorption cross section for hydrogen = 0.33 x 1072 cm?.

\%@.

EXAMPLE 6.22

What is the absorbed dose rate to a 70-kg person from a whole body exposure to a
mean thermal flux of 10,000 neutrons/cm?/s?
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Solution

The dose rate due to the n, p reaction is calculated from Eq. (6.108).

t o4 At 9y cm’?
10* neuig‘/’ns X 149 x 104 5 X 175 x 107 2 5 0.63MeV x 1.6 x 107 MJV
cm- /s g atom €
- 1 J/k8
G >
=2628x 1079 =2,
S

or, the close rate per hour = 2.628 x 109 Gy/s x 3.6 x 10% s/h
. nGy mrad
D,,=95— 0.95 .
p=05 12 (005 M)

The auto-integral gamma-ray dose rate is calculated with Eq. (6.82). The gamma-
ray “activity,” from Eq. (6.109) is

2

4, neutrons o5 Atoms _o5 €M
A=10" ———— x 598 x 10" —— x 3.3 x 107 ——
cm?/s kg atom
- B "
=1.973 x 10°"—L
kg

The dose rate from this uniformly distributed gamma ray emitter is calculated from
Eq. (6.82):

. A G
D, =—x¢pxA—,
m

The absorbed fraction, ¢, for the 2.23-MeV gamma ray is found, by interpolating
in Table 6-8 between the 2.000 and 4.000 MeV values, to be 0.278, and A, the dose
B
rate in an infinitely large mass whose specific activity is 1 k—q, is calculated from
Eq. (6.81):
, MeV s G
A=16x10"9x 293 MV L5575 1073 95
Y Bq/kg

The auto-integral gamma-ray dose rate, therefore, is

. - B G

D, = 1973 x 10° 29« 0.978 x 8.57 x 10°13 /5

kg Bq/kg

G
—1.96x 10~ = (1.96 x 10~° rad/s)
S

or

G d
712 <7.1 mra )
h h
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We cannot, in this case, add the auto-integral gamma-ray dose to the dose from
the n, p reaction because an absorbed dose of 1 Gy of gamma radiation is not biologi-
cally equivalent to 1 Gy from proton radiation. This point, which deals with the rela-
tive biological effectiveness of the various radiations, is discussed in the next chapter.

SUMMARY

When ionizing radiation interacts with any medium (air, tissue, water, plastic, etc.),
energy is transferred from the radiation field to the medium. The quantity that
describes this energy transfer is the absorbed dose and is measured by the concen-
tration of absorbed energy. Traditionally, this quantity was called a rad, and 1 rad was
defined as the absorption of 100 ergs of energy per gram of irradiated medium. In the SI
system, the quantity for absorbed dose is the gray (Gy); 1 gray is defined as an absorp-
tion of one joule of energy per kilogram: 1 Gy = 100 rads. Absorbed dose is a macroscopic
quantity, and it applies to the average amount of energy absorbed per unit mass of
absorbing medium.

The first quantitative unit that was used for radiation dose was the roentgen (R).
Technically, the roentgen was a dose unit only for air; hence, it is a measure of X- or
gamma-ray exposure, not radiation dose. However, it continues to be useful in radia-
tion protection because an exposure of 1 R leads to a dose of approximately 1 rad to
soft tissue. In SI units, exposure to X- or gamma radiation is measured in coulombs
of ions produced by the radiation per kilogram of air: I R = 2.58 x 10~4 C/kg.

Absorbed dose is defined in the same way for external radiation as it is for the
dose from internally deposited radioisotopes. For external radiation, the dose can
be measured. For internally deposited radionuclides, the dose cannot be measured.
The dose from an internally deposited radionuclide is calculated with the aid of a
physiologically based biokinetic dosimetric model for that radionuclide that con-
siders the radiation characteristics of the nuclide and the biological characteristics
of the deposited radionuclides. This method is formalized in the MIRD system for
medical internal radiation dosimetry, where the calculation is based on the fraction
of the energy emitted by the radionuclide that is absorbed in the tissue of interest
and the mean residence time of the radioactivity in the organs or tissues. A parallel
computational methodology for calculating internal dose for health physics pur-
poses was developed by the ICRP. The ICRP formulation is based on calculating the
energy absorbed per kg of irradiated target tissue from one decay of a radionuclide
deposited in a source organ and then multiplying this by the total number of decays
in the source organ during the 50-year period following intake of the radionuclide.

PROBLEMS

6.1. A 50-uC/kg (~200 mR) pocket dosimeter with air-equivalent walls has a sensitive

volume with the dimensions 0.5 in. (diameter) and 2.5 in. (length); the volume
is filled with air at atmospheric pressure. The capacitance of the dosimeter is
10 pF. If 200 V are required to charge the chamber, what is the voltage across the
chamber when it reads 50 ©C/kg (~200 mR)?
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6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

An airionization chamber whose volume is 1 Lis used as an environmental monitor
at a temperature of 27°C and a pressure of 700 torr. What is the exposure rate, in
nC/kg/h and in mR/h, if the saturation current is 10713 A?

A beam of 1-MeV gamma rays and another of 0.1-MeV gamma rays each pro-
duce the same ionization density in air. What is the ratio of 1:0.1 MeV photon
flux?

Assuming that the specific heat of the bodyis 1 cal/g/°C, calculate the temperature
rise due to a total body dose of 5 Gy.

Compute the exposure rate, in mGy/h, at a distance of 50 cm from a small vial
containing 10 mL of an aqueous solution of

(a) 2-GBq (54.1-mCi) *'Cr
(b) 2-GBq (54.1-mCi) ?4Na, based on the transformation schemes shown below:

5'Cr 2Ng

B 1.39 MeV
ec,9%

ec, 91% %, 2.75 MeV

,0.323 MeV 137 Mev

] 5lv 24Mg

What is the soft tissue dose rate during exposure to 25.4 ©C/kg/h (100 mR/h) of
0.5-MeV gamma radiation?

A collimated beam of 0.3-MeV gamma radiation whose energy flux is 5 J/m? /s is
shielded by 2-cm Pb.

(a) What is the photon flux incident on the shield, in photons cm™2 5712

(b) Whatis the exposure rate, mR/h and C/kg/h, in the incident and emergent
beams?

(c) Whatis the tissue dose rate, mGy/h, in the incident and emergent beams?

The exposure rate in a beam of 100-keV gamma rays is 25.8 £C/kg (100 mR) per
hour. What is the

(a) photon flux, in photons/ch/s?
(b) power density, in W/m? and mW/cm??

In an experiment, a 250-g rat is injected with 10-4Ci ***Hg in the form of
Hg(NO3)9. The rat was counted daily in a total-body counter and the following
equation was fitted to the whole-body-counting data

Y = 0.55¢ 03160 4 () 45,—0.03161

where Y is the fraction of the injected dose retained ¢ days after injection. If the
long-lived component of the curve represents clearance from the kidneys while the
short-lived component represents clearance from the rest of the body, calculate
the radiation absorbed dose to the whole body and the kidneys if each kidney
weighs 0.7 g. Assume the mercury to be uniformly distributed in the whole body
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6.10.

6.11.

6.12.

6.13.

6.14.

6.15.

6.16.

6.17.

6.18.

6.19.

and in the kidneys. Base the calculation on the transformation scheme given in
Figure 6-13.

Iodine is deposited in the thyroid at a rate of 0.139 h~!. If the radioactive half-life
of 12T is 18 hours, what is the effective deposition half-life?

A patient with cancer of the thyroid has been found to have a thyroid iodine uptake
of 50%. How much 3T must be injected to deliver a dose of 15 Gy (1500 rads) in
3 days to the thyroid which weighs 30 g?

The mean concentration of potassium in seawater is 380 mg/kg. What is the dose
rate, in milligrays per year and in millirads per year, in the ocean depths due to
the dissolved 4°K?

Calculate the annual radiation dose to a reference person from the K and
from the *C deposited in his body. The specific activity of carbon is 0.255 Bq
(6.9 pCi) /g. Assume, in both instances, that the radioisotopes are uniformly dis-
tributed throughout the body.

A thin-walled carbon-wall ionization chamber, whose volume is 2 cm?, is filled
with standard air at 0°C and 760 torr and is placed inside a tank of water to
make a depth—dose measurement. A 24-MeV betatron beam produces a current of
0.02 A in the chamber. What was the absorbed dose rate?

An aluminum ionization chamber containing 10 cm? air at 20°C and 760 torr
operates under Bragg-Gray conditions. After a 1-hour exposure to “Co gamma
rays, 3.6 x 1072 C of charge is collected. If the relative mass stopping power of Al
for the electrons generated by the ®*Co gammas is 0.875, what was the dose to the
aluminum?

An ion chamber made of 50 g copper has a 10-cm® cavity filled with air at STP.
The temperature of the copper rose 0.002°C after exposure to *’Co gamma rays.
If the mass stopping power of Cu is 0.753 relative to air and if the specific heat of
Cu is 0.092 cal/g/C, calculate

(a) the absorbed dose to the copper and

(b) the amount of charge (in coulombs) formed by ionization in the cavity during
the exposure.

An aqueous suspension of virus is irradiated by X-rays whose half-value layer is
2-mm Cu. If the exposure was 335 C/kg (1.3 x 10° R), and if the depth of the
suspension is 5 mm, what was the absorbed dose and what was the mean ionization
density?

A child drinks 1 L of milk per day containing '*!T at a mean concentration of
33.3 Bq (900 pCi) /L over a period of 30 days. Assuming that the child has no
other intake of 13!, calculate the dose to the thyroid at the end of the 30-day
ingestion period and the dose commitment to the thyroid.

A patient who weighs 50 kg is given an organic compound tagged with 4-MBq
(108-uCi) *C. On the basis of bioassay measurements, the following whole-body
retention data were inferred:

Day 0 1 2 3 4 5 6 8 10 12 14

MBq 4 2.94 2.32 1.9 1.6 1.4 1.2 0.9 0.8 0.6 0.5
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(a) Plot the retention data and write the equation for the retention curve as a
function of time.

(b) Assuming the *C to be uniformly distributed throughout the body, calculate
the absorbed dose to the patient at day 7 and day 14 after administration of
the drug.

(c) Whatis the dose commitment from this procedure?

6.20. A 2-MeV electron beam is used to irradiate a sample of plastic whose thickness is
0.5 g/cm?. If a 250-uA beam passes through a port 1 cm in diameter to strike the
plastic, calculate the absorbed dose rate.

6.21. Calculate the average power density, in watts per kilogram, of an aqueous solution
of %°Co, at a concentration of 10 MBq/L, in

(a) an infinitely large medium.
(b) a 6-L spherical tank.

6.22. A 20-L sealed polyethylene cylinder contains 3700-MBq (100 mCi) '*7Cs waste
uniformly dispersed in concrete. Neglecting absorption by the cover, estimate the
dose rate at the top of the container, and at 1 m over the center of the top.

6.23. A nuclear bomb is exploded at an altitude of 200 m. Assuming 10'® fissions in the
explosion resulting in 6 fission gammas of 1 MeV each and 2 prompt neutrons
of 2 MeV each, estimate the dose from the gammas and from the neutrons at
1500 m from ground zero. Neglect the shielding effect of the air and scattering
from the ground.

6.24. Anunmarked, unshielded vial containing 370-MBq (10-mCi) **Na s leftin a hood.
A radiochemist, unaware of the presence of the 24Na, spends 8 hours at his bench,
which is 2 m from the 2*Na. Based on the >*Na transformation scheme shown in
problem 6.5, calculate

(a) the dose rate at 2 m from the 370 MBq source,

(b) the dose commitment from the 8-hour exposure.

6.25. Chlormerodrin tagged either with '*”Hg or 2**Hg is used diagnostically in studies
of renal function. Calculate the dose to the kidneys, for the case of normal uptake,
35%, from injection of 3.7 MBq (100 uCi) of each of the radioisotopes. Assume
very rapid kidney deposition, followed by elimination with a biological half-time of
6.5 hours.

6.26. A nuclear medicine procedure used to evaluate pulmonary perfusion uses intra-
venouslyinjected *™Tc-tagged microspheres that are rapidly taken up by the lungs,
where they are temporarily trapped in a small fraction of the capillaries. Absence
of radioactivity in a part of the lung means decreased perfusion of that part and
suggests a possible pulmonary embolism. If 60% of the "™ Tc activity is transferred
out of the lung with a biological half-time of 1.8 hours, and the other 40% has a
biological clearance half-time of 36 hours.

(a) What is the mean intrapulmonary residence time of the %™ Tc?

(b) What is the dose to the lung from the intrapulmonary activity per mega-
becquerel injected?

6.27. Three millicuries (111 MBq) *™Tc-labeled sulfur colloid is injected to visual-

ize the liver. Sixty percent of the injectate is deposited in the liver, 30% in
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6.28.

6.29.

6.30.

6.31.

6.32.

the spleen, and 10% in the red bone marrow. Calculate the absorbed dose to
the

(a) liver,

(b) spleen, and

(c) red marrow.

A patient is treated for Graves’ disease with 111-Mbq (3-mCi) '*'I. Uptake studies
with a tracer dose of %1 showed a thyroid uptake of 60% and a biological half-time

of 2 days. Assuming a very rapid uptake in the thyroid, calculate the dose to the
thyroid from this treatment.

Awell-insulated water sample is irradiated with gamma rays at a rate of 10-Gy (1000
rads) /h. What is the rate of temperature rise in the water, in °C/h?

A laboratory worker who weighs 70 kg was accidentally exposed for several hours
in an atmosphere containing tritiated water vapor. Urine analyses for tritium were
made for 7 weeks, starting 1 day after exposure, and the following data were
obtained on 24-hour urine samples:

Day 1 2 3 5 7 10 14 21 28 35 42 49

Bqg 524 485 450 402 342 293 227 147 94 60 40 26

According to reference man, 47% of the daily water output is via the urine.
Assuming that the tritium is uniformly distributed throughout the body’s water,

(a) plot the data and write the equation for the clearance curve and
(b) calculate the worker’s dose commitment from this accidental exposure.

Three millicuries (111 MBq) of a “™Tc tagged colloid is injected into a patient to
visualize the liver. In vivo bioassay finds that 40% of the injected activity is deposited
in the liver and that it is cleared out of the liver at a rate of 0.231/h. Given that

the liver weighs 1.8 kg

Ty9 of 99mTe — 6 hours

99mTe emits only a 0.14 MeV gamma in decay

the absorbed fraction of the gamma ray energy in the liver = 0.25, calculate
the

(a) effective half-time of the *™Tc in the liver,
(b) biological half-time of the 99mTe in the liver,

(c) mean residence time of the “™Tc in the liver, and

(d) dose to the liver from the activity deposited there.

In a diagnostic examination of a patient’s thyroid, the patient, who weighs
70 kg, is given a capsule containing 10-uCi (0.37 MBq) '*'I. Thirty percent of
the radioiodine is rapidly taken up by the thyroid, whose weight is estimated as
30 g. Given that

the biological half-life of iodine in the thyroid is 120 days,
¢ the radiological half life of BT is 8 days, and
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e the average absorbed energy in the thyroid is 0.21 MeV (disintegration) !,
calculate the:

(a) effective half life of the radioiodine in the thyroid, in days,

(b) effective turnover rate of the radioiodine in the thyroid, in percent day~!,
(c) mean residence time of the radioiodine in the thyroid, in days,

(d) time for 90% of the radioiodine to be cleared from the thyroid, and

(e) committed dose to the thyroid, in cGy.

6.33. The tissue dose rate in a beam of 500 keV gammas is 1 Gy/min. What is the photon
flux, in photons/ch/min?

6.34. A man swallows 1-MBq 2!°Po. Ten percent of ingested 2!Po is absorbed into the
blood and the balance is excreted. Of the polonium transferred to the blood,
fractions of 0.1, 0.1, 0.1, and 0.7 are assumed to go to the liver, kidney, spleen,
and all the other tissues respectively. Having entered these tissues, the polonium
is assumed to be retained with a biological half-life of 50 days. Using the values for
the reference male, 5.3 MeV peralpha, and 0.1 MeV per 2°Pb recoil atom, calculate

(a) the dose to each of the 4 compartments and

(b) the 50-year committed effective dose equivalent, in Sv and in rems, using the
ICRP 60 tissue weighting factors.
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BIOLOGICAL BASIS FOR
RADIATION SAFETY

Radiation ranks among the most thoroughly investigated etiologic agents associ-
ated with disease. Contrary to the popular belief that our experience with radiation
bioeffects started with the nuclear weapons project during World War II, our experi-
ence actually goes back to the very earliest days of radiation use. As early as 1906, two
French physiologists published the results of their studies on the sensitivity of various
tissues and organs to radiation. They found that “the sensitivity of cells to irradia-
tion is in direct proportion to their reproductive activity and inversely proportional
to their degree of differentiation.” This observation is as valid today as it was then,
and is one of the bases for cancer treatment with radiation. Since then, an enor-
mous database on radiation bioeffects has been built up from observations on the
occupational exposure of workers including scientists, medical personnel, uranium
miners, radium-dial painters, atomic-energy workers, and industrial radiographers.
Patients who were exposed to radiation for diagnosis and therapy constitute a second
source of information. The most thoroughly studied large population group, which
still is supplying information for our radiation database, is the surviving population
from the nuclear bombings in Japan. Included in this population group are about
280,000 persons who had received a wide range of doses, from slightly higher than
background to several grays (several hundred rads), depending on their location
at the time of the bombing. To study the long-term effects of nuclear radiation,
the Atomic Bomb Casualty Commission (ABCC) was established in 1945 under a
directive by President Truman and funded by the United States. In 1948, the ABCC
became a binational agency as Japan joined the United States, both scientifically and
financially, in the study of the long-term biomedical sequelae of the atom bombs.
In 1975, the ABCC became the Radiation Effects Research Foundation and now
operates as a not-for-profit organization funded jointly by the governments of the
United States and Japan. Dose-response data for delayed radiogenic effects from
the acute exposure from the atom bomb are being gathered from the Radiation Ef-
fects Research Foundation’s “Life Span Study.” This study is being carried out on a
group of 86,572 bombing survivors whose doses are known. About 65% of the group
received doses less than 100 mGy (10,000 mrads) of low linear energy transfer (LET)
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radiation, and the balance of this population received high doses, that is, doses of
100 mGy (10 rads) or more.

In 1994, the United States and the Russian Federation established the Joint Co-
ordinating Committee for Radiation Effects Research to study radiation effects on
persons working in or living near nuclear weapons production facilities. This study
population includes nuclear workers whose doses were very much greater than those
of the American and Canadian workers, and the villagers who live downstream of
the Mayak Production Association in the former Soviet Union and are exposed ex-
ternally and internally to the very large quantities of long-lived radioactive waste that
was discharged into the Techa River during the years of 1949-1956. This popula-
tion group differs from the Japanese bombing survivors in one significant aspect.
While the Japanese population suffered an acute high-dose radiation exposure, the
Soviet nuclear workers and the Techa River population suffered continuous high-
level doses, on the order of tens of mGy/yr (rads/yr), over a long period of time.
Furthermore, both the external and internal doses for this population have been
determined with a reasonable degree of accuracy, thus enabling the determination
of a dose-response curve for chronic high-level doses.

In 1955, the United Nations General Assembly created the United Nations Scien-
tific Committee on the Effects of Atomic Radiation (UNSCEAR) in order to report
on radiation levels throughout the world and to assess the effects of exposure to
ionizing radiation. UNSCEAR consists of scientists from 21 member states. Popula-
tion groups under study include those exposed to radiation from fallout of nuclear
weapons debris, accidents involving nuclear reactors, such as the Windscale acci-
dent in England in 1956 and Chernobyl in 1986 (there was no exposure of the
public during the Three Mile Island accident) as well as numerous serious accidents
from sealed sources that resulted in fatalities and radiation injuries. There also have
been 60 criticality accidents that resulted in 21 deaths and numerous cases of ra-
diation injury. Last but not least are populations living in environments with low
and high natural radiation. Average annual doses from the natural background in
populated areas range over a factor of about ten from low-dose to high-dose regions.
The results of these studies serve to strengthen the scientific basis for radiation risk
evaluation and the establishment of radiation safety standards.

Although much still remains to be learned about the interaction between ioniz-
ing radiation and living matter, more is known about the mechanism of radiation
effects on the molecular, cellular, and organ system levels than is known for most
other environmental stressing agents. Indeed, it is precisely this vast accumulation
of quantitative dose-response data that enables health physicists to specify envi-
ronmental radiation levels and engineering controls so that medical, scientific, and
industrial applications of nuclear technology may continue atlevels of risk no greater
than, and frequently less than, those associated with other applications of science
and technology that are generally accepted by society as safe.

DOSE-RESPONSE CHARACTERISTICS

Observed radiation effects (or effects of other noxious agents) may be broadly clas-
sified into two categories, namely, stochastic (Effects that occur randomly, and whose
probability of occurrence rather than the severity of the effect, depends on the size
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of the dose. Stochastic effects, such as cancer, are also seen among persons with
no known exposure to the agent associated with that effect.) and nonstochastic, or
deterministic effects. Most biological effects fall into the category of deterministic ef-
fects. Deterministic effects are characterized by the three qualities stated by the Swiss
physician and scientist Paracelsus about 500 years ago when he wrote “the size of the
dose determines the poison.” (A corollary to this is the old adage that there are no
harmful chemicals [or radiation], only harmful uses of chemicals [or radiation]):

1. A certain minimum dose must be exceeded before the particular effect is ob-
served.

2. The magnitude of the effect increases with the size of the dose.

3. There is a clear, unambiguous causal relationship between exposure to the nox-
ious agent and the observed effect.

For example, a person must exceed a certain amount of alcoholic intake before he
or she shows signs of drinking. After that, the effect of the alcohol depends on how
much the person drank. Finally, if this individual exhibits drunken behavior, there is
no doubt that the behavior is the result of drinking. For such nonstochastic effects,
when the magnitude of the effect or the proportion of individuals who respond at a
given dose is plotted as a function of dose in order to obtain a quantitative relationship
between dose and effect, the dose-response curve A, shown in Figure 7-1, is obtained.
Because of the minimum dose that must be exceeded before an individual shows
the effect, nonstochastic effects are called threshold effects. Threshold radiation doses
for some clinically significant deterministic effects are shown in Table 7-1.

100
®
(2]
c
I}
aQ
(7]
i
= 950
c
o}
2
@
o

0 a b

Dose

Figure 7-1. Dose-response curves. Curve A is the characteristic shape for a biological effect that
exhibits a threshold dose—point a. The spread of the curve from the threshold at point g until the
100% response is thought to be due to “biological variability” around the mean dose, point ¢, which is
called the 50% dose. Curve B represents a zero-threshold, linear response. Point b represents the 50%
dose for the zero-threshold biological effect being studied.



282

CHAPTER7

TABLE 7-1. Estimated Threshold Doses for Several Clinically Significant Detrimental
Deterministic Effects

ORGAN INJURY AT 5 YRS 1-5% DOSE (Gy) 25-50% DOSE (Gy)
Liver Failure 35 45
Kidney Nephrosclerosis 23 28
Bladder Ulcer 60 80
Testes Permanent sterilization 5-15 20
Ovaries Permanent sterilization 2-3 6-12
Thyroid Hypothyroidism 45 150
Breast Atrophy <50 <100

Source.: Upton AC. Nonstochastic effects of ionizing radiation. In: Some Issues Important in Developing Basic Radiation
Protection Recommendations: Proceedings of the 20th Annual Meeting. Bethesda, MD: National Council on Radiation
Protection & Measurement; 1985. NCRP Proceedings 6.

In an experiment to determine the dose-response curve, the 50% dose—that
is, the dose to which 50% of those who are exposed respond—is statistically the
most reliable. For this reason, the 50% dose is most frequently used as an index of
relative effectiveness of a given agentin eliciting a particular response. When death is
the biological end point, the 50% dose is called the LDsy dose. The time required
for the noxious agent to act is important and is always specified with the dose. Thus,
if 50% of a group of experimental animals die within 30 days, we refer to it as the
LDs0/30-day dose. This index, the LD5/30-d2y dose, is widely used by toxicologists to
designate the relative toxicity of an agent.

When the frequency of occurrence of a stochastic effect is plotted against the
size of the dose (curve B in Fig. 7-1), a linear dose relationship is observed rather
than the S-shaped curve that is characteristic of agents associated with a threshold
response. The biological model that is compatible with this linear dose—response
relationship and with our knowledge of molecular biology postulates that cancer can
be initiated or a genetic change be wrought by scrambling the genetic information
encoded in asingle DNA molecule. Thus, carcinogenesis and mutagenesis are merely
different manifestations of the same basic molecular phenomenon. According to this
postulated model, a cancer is initiated by damaging the information stored in the
chromosomes of a somatic cell, whereas (heritable) genetic change results from
damage to the information stored in the chromosomes of a germ cell (a sperm or an
ovum). This postulated model predicts a zero threshold for stochastic effects. That
is, the model assumes that even the smallest amount of carcinogen or mutagen, a
single molecule in the case of chemicals or a single photon in the case of X-rays, can
produce the effect if the molecule or photon should happen to interact with the
appropriate base pair in the DNA molecule. For these reasons, stochastic effects are
assumed to lie on a lnear, zero-threshold dose—response curve. According to the linear,
zero-threshold model (which is also known as the LNT model), every increment of
radiation, no matter how small, carries with it a corresponding increased probability
of the stochastic effect.

Since epidemiological and laboratory data on observed stochastic radiation ef-
fects are based on relatively high doses, biologically based mathematical models are
constructed to assess the stochastic effects of low doses. Several alternative models
have been proposed. However, despite the fact that much, but not all, DNA damage
is repaired and that the information contained in the DNA molecule is replicated,
the LNT model has been adopted, in the interest of conservatism, as the basis for
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setting radiation safety standards. In the most recent analysis of all relevant data, the
National Academy of Science in its BEIR (biological effects of ionizing radiation)
VII committee report concluded that “the current scientific evidence is consistent
with the hypothesis that there is a linear, no-threshold dose-response relationship
between exposure to ionizing radiation and development of cancer in humans.”
However, this conclusion is followed by the statement that uncertainties in this judg-
ment are recognized and noted. The LNT model is inherently unverifiable at low
doses (<100 mGy or <10 rads) because the postulated number of stochastic effects
from such doses is less than the statistical variability of the natural occurrence of
these effects.

A parallel study by the French Academy of Sciences and the National Academy
of Medicine (the Joint Report) arrived at an opposite conclusion from the BEIR
VII committee. The Joint Report concluded that the LNT model was not justifiable
because the BEIR committee did not sufficiently consider either the repair of the
DNA damaged at low radiation doses or the elimination by cellular death of cells
that suffered lethal damage by the radiation or by genetically programmed cellular
death (apoptosis). The Joint Report also points out that its analysis of animal data
and the lack of a carcinogenic effect in subjects contaminated with alpha emitters is
not consistent with the LNT hypothesis. The Joint Report concludes that the basic
radiobiological assumptions of the LNT hypothesis are notin accordance with recent
data and that use of the LNT for assessing risks below 20 mSv (2,000 mrems) is not
justified and should be discouraged.

Initiating Mechanisms of Radiogenic Effects

Direct Action

The gross biological effects resulting from overexposure to radiation are the sequelae
of a long and complex series of events that are initiated by ionization or excitation
of relatively few molecules in the organism. For example, the LDsg/30-day dose of
gamma-rays for man is about 4 Gy (400 rads). Since 1 Gy corresponds to an energy
absorption of 1 J/kg, or 6.25 x 10'8 eV/g, and since about 34 eV is expended in
producing a single ionization, the lethal dose produces, in tissue,

o eV/kg

4 Gy x 6.25 x 10!
Y 7.35x 10"

S4_e—V
ion
ionized atoms per gram tissue. If we estimate that about nine other atoms are excited
for each one ionized, we find that about 7.35 x 10'® atoms/kg of tissue are directly
affected by a lethal radiation dose. In soft tissue, there are about 9.5 x 10% atoms,/kg.
The fraction of directly affected atoms, therefore, is

7.35 x 1018

~ -7
95 x 105 X107

or about 1 atom in 10 million.
Effects of radiation for which a zero-threshold dose is postulated are thought
to be the result of a direct insult to a molecule by ionization and excitation and
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the consequent dissociation of the molecule. Point mutations, in which there is a
change in a single gene locus, is an example of such an effect. The dissociation,
due to ionization or excitation, of an atom on the DNA molecule prevents the
information originally contained in the gene from being transmitted to the next
generation. Such point mutations may occur in the germinal cells, in which case the
point mutation is passed on to the next individual; or it may occur in somatic cells,
which results in a point mutation in the daughter cell. Since these point mutations
are thereafter transmitted to succeeding generations of cells (except for the highly
improbable instance where one mutated gene may suffer another mutation), it is
clear that for those biological effects of radiation that depend on point mutations,
the radiation dose is cumulative; every little dose may result in a change in the
gene burden, which is then continuously transmitted. When dealing quantitatively
with such phenomena, however, we must consider the probability of observing a
genetic change among the offspring of an irradiated individual. For radiation doses
down to about 250 mGy (25 rads), the magnitude of the effect, as measured by
frequency of gene mutations, is proportional to the dose. Below doses of about 250
mGy, the mutation probability is so low that enormous numbers of animals must be
used in order to detect a mutation that could be ascribed to the radiation. For this
reason, no reliable experimental data are available for genetic changes in the range
0-250 mGy.

Indirect Action

Direct effects of radiation, ionization, and excitation are nonspecific and may occur
anywhere in the body. When the directly affected atom is in a protein molecule
or in a molecule of nucleic acid, then certain specific effects due to the damaged
molecule may ensue. However, most of the body is water, and most of the direct
action of radiation is therefore on water. The result of this energy absorption by
water is the production, in water, of highly reactive free radicals that are chemically
toxic (a free radical is a fragment of a compound or an element that contains an
unpaired electron) and which may exert their toxicity on other molecules. When
pure water is irradiated, we have

HsO — HoO" +¢7; (7.1)
the positive ion dissociates immediately according to the equation

HyO" — H' + OH, (7.2)
while the electron is picked up by a neutral water molecule:

HyO + e~ — HyO™, (7.3)
which dissociates immediately:

H,O™ — H+ OH™. (7.4)

The ions HY and OH™ are of no consequence, since all body fluids already contain
significant concentrations of both these ions. The free radicals H and OH may
combine with like radicals, or they may react with other molecules in solution. Their
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most probable fate is determined chiefly by the LET of the radiation. In the case of a
high rate of LET, such as that which results from passage of an alpha particle or other
particle of high specific ionization, the free OH radicals are formed close enough
together to enable them to combine with each other before they can recombine
with free H radicals, which leads to the production of hydrogen peroxide,

while the free H radicals combine to form gaseous hydrogen. Whereas the products
of the primary reactions of Egs. (7.1) through (7.4) have very short lifetimes, on the
order of amicrosecond, the hydrogen peroxide, being a relatively stable compound,
persists long enough to diffuse to points quite remote from their point of origin.
The hydrogen peroxide, which is a very powerful oxidizing agent, can thus affect
molecules or cells that did not suffer radiation damage directly. If the irradiated water
contains dissolved oxygen, the free hydrogen radical may combine with oxygen to
form the hydroperoxyl radical as follows:

H+ Oy — HO. (7.6)

The hydroperoxyl radical is not as reactive as the free OH radical and therefore
has a longer lifetime than it. This greater stability allows the hydroperoxyl radical to
combine with a free hydrogen radical to form hydrogen peroxide, thereby further
enhancing the toxicity of the radiation.

Radiation is thus seen to produce biological effects by two mechanisms, namely,
directly by dissociating molecules following their excitation and ionization and indi-
rectly by the production of free radicals and hydrogen peroxide in the water of the
body fluids. The greatest gap in our knowledge of radiobiology is the sequence of
events between the primary initiating events on the molecular level described above
and the gross biological effects that may be observed long after irradiation.

THE PHYSIOLOGICAL BASIS FOR INTERNAL DOSIMETRY

The determination of radiation dose from radionuclides within the body and the
calculation of amounts that may be safely inhaled or ingested depend on the knowl-
edge of the fate of these radionuclides within the body. Specifically, we need to know
the pathways that the radionuclides follow, the organs and systems that make up
these pathways, the rates at which they travel along these pathways, and the rates at
which they are eliminated from the body.

Physiologically based pharmacokinetic models are used to mathematically de-
scribe the kinetics of metabolism of a radionuclide. If we know the quantitative
relationships among exposure, intake, uptake, deposition, and excretion of a ra-
dionuclide, we can calculate the radiation dose from a given exposure. Knowledge
of the kinetics of metabolism can also be used to infer the radiation dose from
bioassay measurements and to set maximum acceptable concentrations in the en-
vironment. The same methodology is also used for the control of nonradioactive
environmental contaminants. These underlying quantitative relationships are based
on the biochemical and biophysical principles that govern physiological processes.
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Biokinetic Processes

Physiological activity encompasses four vital processes:

® transport of materials,

e transport of information,
® tissue building, and

® energy conversion.
Physiological Transport

Transport of materials is accomplished by two different mechanisms:

® bulk transport due to pressure differences and
e diffusion due to concentration differences.

An example of bulk transport is the flow of air into and out of the lungs. This
flow of air is passive and is due to pressure differences caused by the expansion and
relaxation of the chest cavity. Inhalation occurs when the chest cavity is expanded
and its volume increases. This leads to a decrease in the intrathoracic pressure of
several millimeters of mercury, and air flows into the lungs. During exhalation, the
muscles that control the volume of the chest cavity relax and the thoracic volume
decreases, thereby increasing the intrathoracic pressure and forcing the air out of
the lungs.

Other examples of bulk flow include the circulation of blood due to pressure
differences from the pumping action of the heart and the passage of food along the
gastrointestinal (GI) tract due to the squeezing action, called peristalsis, of the walls
of the GI tract.

The second mechanism of transport of material is based on differences of con-
centration of the constituents of a solution and the diffusion of molecules from
the region of higher concentration to the region of lower concentration. This net
transfer of molecules continues until the concentration is uniform or until some
other equilibrium condition is reached. For example, if we have a U tube filled with
water and we add a solute to one side of the U tube, the solute molecules, though
originally concentrated in one place, will diffuse throughout the water until they are
uniformly dispersed across both arms of the U tube.

If we divide the U tube into two halves by a semipermeable barrier that allows
only water molecules to pass through (Fig. 7-2) and we add a solute to one side,
we will observe the process called osmosis. Because of the presence of the dissolved
material on the solution side, the water is less concentrated on that side than on the

Figure 7-2. Schematic illustration of osmosis, the consequence
of membrane semipermeability. Only water molecules pass
through the membrane, the salt ions on the left side of the
membrane do not. The result of this unidirectional movement
of water is called the osmotic pressure.
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pure-water side. Water will therefore flow through the semipermeable barrier from
the pure-water side into the solution side by osmosis, and the water in the solution
arm will rise. Water will continue to flow through the barrier, and the solution column
will continue to rise, until the hydrostatic pressure due to the increased height of
the column of water is great enough to prevent further inflow of water through
the semipermeable barrier. The hydrostatic pressure needed to prevent further flow
through the barrier is called the osmotic pressure of the solution. Osmotic pressure
is determined by the concentration of the solution and increases with increasing
concentration.

Biological membranes may be selectively permeable to various different
molecules. This selective permeability, which allows only certain ions to pass, is
responsible for the electrical potential differences that form the basis for the op-
eration of the nervous system and muscles, including the cardiac muscle. Consider
the arms of a U tube that are separated by a membrane that allows only Kt ions to
pass through, as in Figure 7-3. Let us pour a solution containing a relatively high
concentration of KCI and a low concentration of NaCl into one arm of the U tube,
and a KCI-NaCl solution that is relatively more concentrated in Na* than in Kt
into the other arm. The solutions on both sides of the membrane are electrically
neutral. However, since the membrane is permeable to K" ions, the K* ions will
diffuse through the membrane from the more to the less concentrated K solution.
This transfer of K ions results in a net loss of positive ions on one side of the mem-
brane and a net gain of positive ions on the other side, thus upsetting the electrical
neutrality. Since one side will now have a net positive charge and the other a net
negative charge, these opposite charges will attract each other and will migrate to
the membrane separating the two solutions. This accumulation of positive ions on
one side and negative ions on the other side of the membrane leads to an electrical
potential difference across the membrane. This potential difference continues to
increase as more Kt ions move through the membrane until the built-up positive
potential is great enough to prevent more positively charged K ions from passing
through the membrane. Passage of ions from a region of high to low concentration
is accomplished without the expenditure of energy. However, transfer of ions against
a concentration gradient, which is called active transport, requires the expenditure
of energy.

Figure 7-3. Schematic illustration of ionic transport, in which
the membrane is permeable only to the K ion. The accumulation
of positive charges on one side of the membrane and negative
Polarized ions on the other side leads to a potential difference across the
Membrane membrane.
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Information, too, is transferred by two different mechanisms: by the nervous
system, in which electrical impulses pass along nerves at a rate of meters per second,
and by hormones that are secreted by endocrine (ductless) glands, such as the
thyroid, directly into the blood and are carried by the blood to the specific receptor
organs that respond to these hormones.

Metabolism: Tissue Building and Energy Conversion

Cells, from which all tissues and organs are made, go through life cycles of their
own. They are born from relatively undifferentiated progenitor cells—such as the
basal layer in the skin and the stem cells in the bone marrow—go through a period
of maturation, grow old, die, and are sloughed off. The time for cellular death,
called apoptosis, and the instructions for the synthesis of new tissue is contained
in the information encoded in the DNA molecules within the cells. In addition to
building tissue, the body also synthesizes protein molecules such as enzymes and
hormones that serve specific functions. These undifferentiated cells are much more
sensitive to radiation damage than the mature cells that develop from them. The
raw materials used in this tissue-building process comes from the food and water
we consume. The energy necessary to drive these vital processes comes from the
release of the intramolecular bonding energy that is stored in the chemical bonds
of the food. The processes by which the complex food molecules are disassembled
and then reassembled into cellular material and specialized proteins, and by which
energy thatis stored in the food is converted into useful energy are collectively called
metabolism.

The food and drink that we consume—proteins, carbohydrates, fats, and water—
supply the materials for the manufacture of new tissue and for the synthesis of spe-
cialized molecules. In the process called metabolism, the foodstuffs are broken down
into their constituent subunits—amino acids, sugars, fatty acids, and glycerols—and
then these units are reassembled into the cellular constituents needed for building
tissues and organs. Metabolic processes include a number of oxidation-reduction
reactions that result in the transfer of energy stored in the intramolecular bonds
of the foodstuffs into energy-consuming reactions that drive all the vital processes.
Oxygen for these oxidation reactions is brought into the body through the respira-
tory system. Useful energy is supplied mainly by the carbohydrates and fats, while
the proteins supply most of the material for the synthesis of new protein. Whereas
the initial steps in the metabolism of the different nutrients differ, eventually all the
subunits are integrated into a common metabolic pool from which new molecules
are synthesized.

All the chemical reactions in the metabolic process can occur only in solution.
To this end, the human body is about 60% water by weight (about 42 L water in the
reference person), of which about two-thirds is contained within the cells of the body
and is therefore called intracellular fluid. The remaining one-third is outside the
cells and is called extracellular fluid. About one-third of the extracellular fluid is in
the blood and the remainder is in the interstices between the cells, thereby providing
the cells with an aquatic environment. These various spaces can be thought of as
compartments. Thus, we have the vascular compartment, which contains the blood;
the interstitial compartment; and the intracellular compartment. Water enters the
system via the GI tract and leaves by way of the kidneys as urine, by way of the GI
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tract as one of the constituents of feces, by way of the skin as perspiration, and via
the lungs as exhaled water vapor.

Organ Systems

The body is an integrated assembly of organ systems whose structures are in accord
with their functions. These organ systems include the following:

the circulatory system,

the respiratory system,

the digestive system,

the skeletal system,

the muscular system,

the integumentary system (skin),
the urinary system,

the nervous system,

the endocrine system,

the reproductive system, and
sensory organs and tissues.

The organ systems are made up of several different types of tissues, and each tissue
comprises specialized cells that perform specific functions. The principal types of
tissues include:

e Epithelial tissue, which forms the surface of many organs and the outside surface
of the body. Epithelial tissues are characterized by a basement membrane that
lies beneath the lowest layer of cells. The cells in the basement membrane are
the critical cells for radiation damage.

¢ Connective tissue, which forms the bones, cartilage, ligaments (which join two
bones together), and tendons (which connect muscles to bones).

Muscle.
Nervous tissue.

The Circulatory System

The circulatory system (Fig. 7-4), which consists of a network of tubes called blood
vessels, through which blood is pumped by the heart, serves several different purposes,
including the

transport of oxygen and carbon dioxide,

transport of nutrient and metabolites from the GI tract to the various organs,
transport of hormones and antibodies,

transport of metabolic waste products to the kidneys for elimination, and also
serving as a water reservoir to maintain fluid balance in the several fluid com-
partments and constant temperature within the body.

All these functions are carried out by the blood. As a result of pressure due to the
pumping action of the heart, blood flows through the blood vessels, called arteries,
veins, and capillaries, which carry blood to and from organs. The capillaries, a very
fine network of vessels, are dispersed throughout the organs and are the functional
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units through which gases and all other molecules are transferred to and from the
cells within the organs.

Blood consists of a liquid portion, called plasma; blood cells, which are suspended
in the plasma; and proteins and electrolytes, which are dissolved in the plasma.
Blood cells make up about 44% of the total volume of the blood. All these blood
cells are made in the red bone marrow by a process called hemopoiesis, and they all
arise from a single, undifferentiated cell type called a stem cell. The radiosensitivity
of the hemopoietic tissue is due to the highly undifferentiated stem cells.

There are three major categories of blood cells, each serving specific functions:

e Erythrocytes, or red blood cells (RBC)
® Leukocytes, or white blood cells (WBC)
e Thrombocytes, or platelets

The main function of the RBCs is the transport of oxygen and carbon dioxide.
These gases diffuse across the cell membrane and form a loose combination with
hemoglobin, an iron-containing compound within the RBC. Another important
function of the erythrocytes is the production of the enzyme carbonic anhydrase,
which catalyzes the interaction between carbon dioxide and water and plays an
important role in the maintenance of acid-base balance in the blood. There are
about 5-7 million RBCs per cubic millimeter of blood, and the lifetime of an RBC
is in the range of 3—4 months.

WBCs are part of the immune system, and their main role is to fight infection.
There are about 4000-8000 WBCs per cubic millimeter of blood. These WBCs are
grouped into two major categories: about 70% are granulocytes and about 30% are
lymphocytes; there are several subcategories within each of these major groupings.
The exact lifetimes of the cells depend on their category. However, in all cases their
lifetime is on the order of about 1 day.

The third group of cells, the platelets, form part of the system that clots the
blood. A shortage of platelets, therefore, leads to hemorrhage in case of an injury.
We normally find about 200,000-400,000 platelets per cubic millimeter of blood.
The lifetime of the thrombocytes is about 8 days.
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The heart, which supplies the pressure that causes the blood to flow, can be
thought of as two pumps combined in one organ. One of these pumps, the right
heart, pumps oxygen-depleted air into the lungs. Here the carbon dioxide carried by
the blood diffuses out of the blood into the pulmonary air spaces, and oxygen diffuses
from the pulmonary air spaces, called the alveoli, into the blood. From the lungs,
the newly reoxygenated blood flows into the left side of the heart, to be pumped
to the various organs and tissues, including the cardiac muscle itself. Each side of
the heart—that is, each of the two pumps—consists of two chambers separated by
one-way valves that allow the blood to flow only in one direction. The first chamber,
which receives the blood that enters into the pump, is called the atrium. Contraction
of the atrium forces the blood into the second chamber, called the ventricle. Powerful
contractions of the ventricle supply the pressure that drives the blood to the various
organs and tissues (left heart) or to the lungs (right heart).

Blood flows into the atrium of the left heart through the pulmonary vein and into
the atrium of the right heart through the vena cava. Blood flows into the atria when
the heart is resting, and into the arteries that supply the organs and tissues when
the ventricles contract. The beating of the heart is due to the alternating contrac-
tion and relaxation of the atria and the ventricles. Normally, this cycle is repeated
about 70-80 times per minute. During periods of excitement or physical demand,
the heart rate increases significantly. The cycle begins with the simultaneous con-
traction, called atrial systole, of both atria, which forces the blood into the relaxed
ventricles. This atrial pumping action lasts about 0.1 seconds. The one-way valves
immediately close, and contraction of the ventricles, called ventricular systole, begins;
it lasts about 0.3 seconds. Total systole thus lasts for about 0.4 seconds. The result-
ing blood pressure, due to the systolic contractions, is normally about 120-140 mm
Hg. The atria relax during ventricular contraction and remain relaxed for about
0.7 seconds. The ventricles relax for about 0.5 seconds. after contraction. These pe-
riods of relaxation are called diastole. During diastole, the blood pressure is normally
about 60—-80 mm Hg.

The Respiratory System
The respiratory system (Fig. 7-5) is the site for the exchange of oxygen from the
outside environment with carbon dioxide from the blood. The respiratory system
consists of three major sections whose structures are related to their function, the
nasopharyngeal (NP), tracheobronchial (TB), and pulmonary (P), which is also called
the alveolar (Al), regions.

The lungs, which consist of three lobes on the right side and two lobes on the
left side, and the trachea, or windpipe, lie within the thoracic cavity. The trachea
is connected to the outside air via the mouth and nose—the NP region. Air enters
through the NP region and flows into the trachea, a tube about 16 mm in diameter
and 10 cm long. From the trachea, the air flows into the lobes of the lungs through
short connecting tubes, about 1 cm in diameter, called the primary (main) bronchi
(the singular is bronchus). Within the lungs, the bronchi bifurcate; they then bifur-
cate again and again into successively smaller-diameter tubes until a size of about
0.5-mm diameter is reached. These tubes, which number several hundred thousand,
are called the terminal bronchioles. This system of ducts, from the trachea through the
terminal bronchioles, is called the upper respiratory tract, or the TB region. It should
be pointed out that the term “upper respiratory tract” is a functional definition,
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Figure 7-5. Schematic representation of the human respiratory airways. (Reproduced with permission
from Raabe OG. Deposition and clearance of inhaled aerosols. In Witschi HR, Nettesheim P eds.
Mechanisms in Respiratory Toxicology. Vol 1. 5th ed. Boca Raton, FL: CRC Press, Inc; 1982.)

since the bronchi and bronchioles are uniformly distributed throughout the lungs.
Structurally, the TB region is characterized by a unique structure on the inside sur-
face of the airways. The lining, or epithelial, cells have hairlike filaments about 50
um long that project into the airways. These filaments are called cilia, and the cells
are called ciliated epithelium. Structures of another type, called goblet cells, are inter-
spersed among the ciliated cells. These goblet cells secrete mucus that blankets the
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upper respiratory tract to a thickness of about 60 um. The cilia move in a synchro-
nized beating motion resembling a quick-return mechanism. This motion pushes
the blanket of mucus upward toward the throat, with a velocity in the trachea that
reaches about 1 cm/min. This ciliary “escalator” is the main method by means of
which particles that are deposited in the TB region are cleared out of the lung. Gen-
erally, clearance from the TB region is fast, on the order of hours. The TB region is
a system of ducts carrying air to the functional part of the respiratory system, where
gas exchange occurs.

The part of the lungs where gas exchange occurs is called the deep respiratory tract—
the P or Al region. The P region starts with the respiratory bronchioles, which arise
from the bifurcation of the terminal bronchioles. The lining cells of the respiratory
bronchioles are not ciliated and do not contain the mucus-secreting goblet cells. The
respiratory bronchioles bifurcate to form alveolar ducts. Gas exchange takes place
in the alveoli (the singular is alveolus), as shown in Figure 7-6, which are spherical
outpouchings, on the order of 100-200 xum in diameter, of the alveolar ducts. There
are several hundred million alveoli, which lead to a total surface area available for
gas exchange of about 50-200 m?. This alveolar surface is the interface between the
outside environment and the body’s internal milieu. Because of this large interfacial
area, inhalation is considered to be the main pathway for the entry of noxious
substances into the body. Each alveolus is wrapped in a network of capillaries whose
walls are only one-cell thick. The alveolar wall, too, is one-cell thick. Gases thus have
only two cell walls through which to diffuse to get into the blood from the lungs.

From bronchial branch

Capillary with blood ' N

Figure 7-6. Schematic illustration of the alveoli, or air sacs, where gas exchange occurs. (Reproduced
with permission from Lessing MS. Review Text in Life Science. Intermediate Level. New York, NY: Amsco
School Publications; 1967.)
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Breathing, the flow of air into and out of the lungs, is a passive process due to
changes in the volume of the thoracic (chest) cavity. During inhalation, the com-
bined action of the intercostal muscles and the diaphragm increases the thoracic
volume, thereby decreasing the air pressure in the lungs to several millimeters Hg
below atmospheric pressure. This pressure difference causes air to flow into the
lungs. During exhalation, the process is reversed. Relaxation of the chest muscles
and the diaphragm decreases the volume of the thoracic cavity, thereby increasing
the intrathoracic pressure and forcing the air out of the lungs.

Respiratory physiologists deal with several different air volumes and lung capaci-
ties:

e Tidal volume, TV—Volume of air inhaled in a single breath under ordinary
conditions.

® Inspiratory reserve volume, IRV—Maximum volume of air that can be inhaled
after the normal (tidal) inhalation.

e [Expiratory reserve volume, ERV—Maximum volume of air that can be forcefully
expelled after a normal (tidal) exhalation.

® Inspiratory capacity—Maximum volume of air that can be inhaled from the rest-
ing exhalation.

e Vital capacity, VC—The maximum volume of air that can be forcefully expelled
from the lungs following a maximum inhalation.

® Reserve volume, RV—Volume of air remaining in the lungs after a maximum
exhalation.

® Functional residual capacity, FRC—Volume of air remaining in the lungs after a
normal (tidal) exhalation.

¢ Total lung capacity, TLC—Volume of air in the lung after a maximum inhalation.

® Breathing frequency, fr—Number of respirations per minute.

® Minute volume—Volume of air inhaled in 1 minute = fr xTV=18—
22 L./min.

The relationships among these volumes are shown graphically in Figure 7-7, and
nominal values for an adult male are listed in Table 7-2.

The Digestive System

The digestive system includes a continuous pathway through the trunk that starts at
the mouth and ends at the anus. In addition, the digestive system includes several
auxiliary organs that supply enzymes and other substances necessary for digestion
and where metabolism occurs. This continuous pathway is called the GI tract; it
includes the mouth, esophagus, stomach, small intestine, and large intestine. The
large intestine terminates in the rectum, which communicates with the outside en-
vironment via the anus. The auxiliary organs include the salivary glands, which
are located in the mouth; the pancreas, which is found behind the lower end of
the stomach; the liver, a very large organ located in the upper right quadrant of
the abdomen; and the gallbladder, which is found under the liver.

The digestive process begins in the mouth, where an enzyme called ptyalin is
secreted by the salivary glands to convert starch into sugar. The mouthful of food
is then swallowed and passes through the pharynx into the esophagus, where the
process called peristalsis moves the food forward into the stomach. In peristalsis,
involuntary contractions of the muscles in the walls of the GI tract move down the
GI tract, thereby squeezing the contents ahead of the contractions. These rhythmic
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Figure 7-7. Lung volumes as they appear on a spirogram. Abbreviations. TLC, total lung capacity;
VC, vital capacity; RV, reserve volume; FRC, functional residual capacity; TV, tidal volume; RV, reserve
volume; IC, inspiratory capacity. (Reproduced with permission from Forster RE Il, BuBois AB, Briscoe
WA, Fisher AB. The Lung. Physiologic Basis of Function Tests. 3rd ed. Chicago, IL: Year Book Medical
Publishers, Inc; 1986. Copyright (© 1986, with permission from Elsevier.)

peristaltic contractions are coordinated by the autonomic nervous system. In this
manner, a bolus of food is pushed along from the esophagus into the stomach,
where the food is mixed with hydrochloric acid, mucus, and digestive enzymes. A
total of about 3 L/d of these fluids is secreted by the interior lining of the stomach.
The contents of the stomach are thoroughly mixed by peristaltic contractions of the
stomach walls to produce a relatively homogeneous fluidized mass called chyme. The
mean residence time of the gastric contents is about 1 hour. The chyme is propelled
to the small intestine by these peristaltic contractions. Passage from the stomach
to the intestine is through an opening called the pylorus. The size of the pyloric
opening is controlled by a circumferential muscle called the pyloric sphincter. Chyme

TABLE 7-2. Aeration of the Lung

VOLUME NORMAL VALUES (L)
Tidal volume (TV) 0.6
Inspiratory reserve volume (IRV) 2.0

Expiratory reserve volume (ERV) 1.5

Inspiratory capacity (IC) 3.6

Vital capacity (VC) =TV + IRV 4 ERV 4.1

Residual volume (RV) 1.6

Total lung capacity (TLC) = VC + RV 57
Respiration rate | fp) = 18-22 min~!

Minute volume =TV x  fp
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is pushed into the intestine intermittently, as the pyloric sphincter opens and closes
at a frequency determined by the gastric contents.

The small intestine is a tube approximately 6 m long, where digestion occurs and
where nutrients and other materials from the chyme are absorbed into the blood.
The epithelial tissue that lines the inside surface of the small intestine is covered
with millions (20-40 per mm?) of fingerlike projections called villi (the singular is
villus) . The epithelial tissue that covers the villi is contiguous with the epithelial cells
that line the inside surface of the small intestine. These epithelial cells grow out of
a basement membrane consisting of the germinal cells from which the epithelial
cells develop. The basement membrane is the critical tissue for radiation damage to
the small intestine, and destruction of the basement membrane with doses on the
order of about 750 or more rads leads to the “GI syndrome.” Nutrient molecules
are transferred from the gut into the blood by diffusion across the walls of the villi
and into the blood vessels within each villus. The large number of villi increases the
surface area of the small intestine enormously, thus facilitating transfer of nutrient
material to the blood. It should be noted that materials in the GI tract are not really
in the internal milieu of the body. The GI tract is continuous at both ends with
the outside environment, and material may pass through without being taken up
or absorbed into the internal milieu of the body. The liver, pancreas, and intestinal
mucosa secrete digestive juices into the small intestine. Peristaltic contractions mix
the chyme and propel it along toward the large intestine. After a residence time of
about 4 hours, many of the nutrient materials have been absorbed into the blood.
The remaining contents of the small intestine enter into the large intestine.

The large intestine, or colon, is the final major division of the GI tract. The colon
is about 1 m long and is called “large” because its diameter is greater than that of
the small intestine. The small intestine joins the large intestine at the cecum, and
passage of chyme into the large intestine is controlled by the ileocecal valve. Peri-
staltic contractions continue to squeeze the intestinal contents toward the rectum.
The chyme entering the large intestine contains a large proportion of water. In this
first part of the colon, the upper large intestine, a large fraction of the water as well
as sodium and other minerals are resorbed into the blood, thus leaving a residue
called feces. Passage through the upper large intestine takes about half a day. After
a passage through the lower large intestine of about a day’s duration, the feces enter
into the rectum, where they remain until eliminated from the body during the act
of defecation.

The Skeletal System

The skeleton, which accounts for about 10% of the body weight (exclusive of the
bone marrow, which accounts for about another 4%) consists of 206 bones that are
joined together by cartilages. Like many other organs, the skeleton serves several
different functions:

e It provides the load-bearing framework for the support of all the other organs
and tissues.

e It provides a protective shield for vital organs.

¢ It contains the bone marrow, including the red marrow, where blood cells are
made.

e Itis the repository for the body’s store of calcium.
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Bone is listed as the critical organ for many radionuclides. This suggests that
bone is a single tissue. However, bone is a complex organ consisting of several differ-
ent tissues whose radiosensitivities and metabolic kinetics differ. Two major types of
bone are readily recognizable. These are the cortical bone, which is dense and com-
pact, and the trabecular bone, which is soft and spongy and consists of thin walls of
bone tissue forming the spaces that house the marrow. Compact bone consists of
layers of cells arranged coaxially around a small cylindrical opening called a haver-
sian canal. The blood vessels that supply the bone run through the haversian canals.
Both cortical and trabecular bone consist of cells (called osteoblasts) embedded in
a matrix containing collagenous fibers. This matrix is held together by the mineral
hydroxyapatite, Cajo(POy4)s(OH)9. Divalent radium, strontium, and lead ions can
exchange with the calcium in the mineral matter, thereby making bone a critical
organ for these elements. The outside surface of the bone is covered with a layer of
tissue called the periosteum, and the inside surfaces of bone, including the walls of
the trabecular bone, are covered with a lining called the endosteum. Because of the
large surface area in the trabecular bone, there is much more endosteal tissue than
periosteal tissue. Both these linings are involved with bone growth and are there-
fore called osteogenic tissue. Whereas radium and strontium are deposited within the
mineralized bone, thorium and plutonium are deposited in the linings of the bones,
the periosteum and the endosteum. The skeletal cells at risk of radiogenic cancer
are the osteogenic cells in the bone surfaces, particularly the endosteal cells, and
the blood-forming cells in the bone marrow. DNA damage and proliferation of these
damaged cells are believed to evolve into osteosarcoma.

The Muscular System

Muscle is a specialized tissue whose unique property is contractility. Muscles are
made up of groups of muscle fibers that are bundled together by a wrapping of
connective tissue. We find three different types of muscle tissue:

o Skeletal (or striated) muscle. These muscles, which are attached to the bones, con-
tract when they are stimulated by a nerve pulse and thereby control movement.
Since these movements are under our control, the skeletal muscles are also called
voluntary muscles.

®  Cardiac muscle. This is a specialized muscle found only in the heart. It contracts
rhythmically but is not under our control. Cardiac muscle, therefore, is called
involuntary muscle.

®  Visceral muscle. These are involuntary muscles that are found in the GI tract,
the walls of blood and lymph vessels, and the uterus. Peristalsis is caused by the
contraction of these muscles, which form the walls of the GI tract.

The Skin

The skin (Fig. 7-8), which forms the outer covering of the body, is a multifunctional
and hence a complex organ. The average surface area of the skin is about 1.8 m?.
Its functions include the following:

® covering the body,
® providing a protective barrier against harmful substances, such as microbes and
chemicals,
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Figure 7-8. Cross-sectional representation of the skin. (Reproduced with permission from Lessing MS.
Review Text in Life Science. Intermediate Level. New York, NY: Amsco School Publications; 1967.)

® excretion of body wastes,
® heating and cooling the body, and
® regulating the blood flow.

The skin consists of two layers, an outer layer called the epidermisand an inner layer
called the dermis. At the border between these two layers is the basement membrane.
This membrane, which consists of the biologically active progenitor cells that give
rise to the cellsin the outer surface of the skin, is the critical tissue for limiting dose to
the skin. When a cell in the basement membrane divides, one of the two cells starts to
migrate toward the outer surface of the skin and one remains as part of the basement
membrane. As the daughter cell migrates, it undergoes progressive changes thatlead
to the highly differentiated cells that perform the skin’s protective function. In these
changes, the cell’s cytoplasm is transformed into a dense substance called keratin.
During this process, the nucleus is crushed by the increasing keratinization and
eventually disappears. By this time, the cell is biologically dead and will be sloughed
off after it reaches the surface. Since the epidermis consists of dead cells, its only
radiobiological significance is to attenuate the energy of beta or alpha rays before
they reach the basement membrane, which is the radiosensitive layer of the skin.
The basement-membrane boundary between the dermis and the epidermis is an
undulating layer whose distance from the outer surface varies significantly, from
about 30 um on the eyelids to about 1400 um on the soles of the feet. Despite the
actual variability in the depth, for dosimetry purposes we consider the depth of the
basement membrane to be 70 um (0.007 cm) below the surface, and we therefore
define the shallow dose as the dose at a depth of 7 mg per cm?. The epidermis is
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readily repaired following an injury because of the availability of basement cells at
the margin of the injury, from which new tissues can be formed.

The structure of the dermis, the lower layer of the skin, is quite different from that
of the epidermis. The dermis consists of connective tissue, elastic fibers, water, and
fat. Embedded in the dermis are the sweat glands and sebaceous glands (oil glands),
hair follicles, blood vessels, and nerves. The sweat glands serve as both excretory
organs and as part of the body’s cooling system, while the sebaceous glands secrete
an oily substance that lubricates the skin’s surface and at the same time acts as a
barrier against penetration of the skin by water. The nerve endings in the dermis
give us the sense of touch and allow us to sense the temperature of whatever substance
is in contact with the skin.

The Urinary System

The urinary system plays a major role in elimination of waste products from the
metabolism of food and from the intake of noxious substances—such as chemicals
or radionuclides—and in maintaining water, electrolyte, and acid—base homeosta-
sis. Included in the urinary system are two kidneys, where urine is formed; two
ureters, through which the urine flows from the kidneys into the bladder; the blad-
der, where the urine is collected; and the urethra, through which the urine leaves
the body. The function of the kidney, which is one of the boundary organs between
the internal milieu of the body and the outside environment, is to selectively filter
water, electrolytes, metabolic wastes, and other noxious molecules from the blood
into the urine. These activities are carried out in about 1 million nephrons, which
are the functional units of the kidney. The nephron (Fig. 7-9) is a long, convoluted
tube with a cuplike structure (called Bowman’s capsule) on one end; it joins other
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nephrons at the other end, where the urine is collected and eventually flows into
the ureter. Inside Bowman’s capsule is a clump of capillaries (called the glomerulus)
from which the several substances diffuse into the tubular portion of the nephron.
The rate of filtration is determined by blood pressure and by the osmotic pressure
of the blood. About 1 L of blood per minute passes through the kidneys. From
this, about 125 mL/min, corresponding to 180 L/d, are filtered by the glomeruli.
Since the daily urinary output is about 2.2 L, it is clear that most of the glomeru-
lar filtrate is resorbed by the nephron structure downstream of Bowman’s capsule.
The resorption of water and sodium and potassium ions from the glomerular fil-
trate is regulated by hormones that are secreted by the pituitary gland (the antid-
iuretic hormone) and by the adrenal cortex (aldosterone). The normal pH of the
blood is in the range of 7.35-7.45. Depending on the direction of deviation from
the normal, the nephron will secrete or resorb acidic or basic ions. The control
of pH is based mainly on shifting the plasma concentrations of carbonic acid and
sodium bicarbonate in the direction that will decrease the deviation from the normal
value.

The Nervous System
The nervous system is a communications network that functions to

® sense the external environment and control bodily motor responses to environ-
mental stimuli,
regulate the operation of internal organ systems, and
learn and store information.

To achieve these ends, the nervous system consists of a central processing unit called
the brain; the main trunk line that carries signals from the brain, called the spinal
cord; and a distribution system of nerve cells, called newrons. The brain and the spinal
cord constitute the central nervous system (CNS). Except for the category of nerves
called the cranial nerves, which go directly from the brain to the organs that they
activate (there are 12 cranial nerves), all the nerves in the network can be traced
back to the spinal cord. The network of nerve fibers may be classified into two major
subcategories: the voluntary nervous system, which is under our control to move our
arms and legs, eyes, and so on, and the involuntary, or autonomic, nervous system,
which controls our internal organs, such as the heart and stomach. The autonomic
nervous system is further subclassified into two categories: the sympathetic and the
parasympathetic nervous systems. The sympathetic and parasympathetic nervous sys-
tems operate in opposite directions—signals from the sympathetic nervous system
stimulate the receptor organs to increase activity, while signals from the parasym-
pathetic nervous system inhibit the activity of the receptor organs. Thus, increased
heart rate and contractions in our stomach when we are agitated are due to signals
from the sympathetic nervous system.

The fundamental cell in the nervous system is the neuron (Fig. 7-10). A neuron
consists of a cell body and a long fiber called an axon. The cell body has several
fiberlike projections called dendrites, and the axon terminates with several fiberlike
tails called telodendria. Nerve impulses are transmitted from one axon to another at
a junction of telodendria and dendrites called a synapse. At the synaptic junction, a
substance called a newrotransmitter is secreted by the telodendria and its action on
receptor sites on the dendrites initiates a nerve pulse that travels down the axon to
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the next synapse. This action continues until a neuromuscular junction is reached,
where the electrical impulse stimulates the muscle. The nerve pulse itself consists of
amomentary depolarization of the wall of the neuron that travels along the neuron
atarate on the order of meters per second. When the nerve cell is at rest, a potential
difference of about 80 mV is built up across the inside of the axon and the outside
because of the difference in concentration of Na®™ and K* ions. The depolarization
is caused by a momentary change in the permeability of the wall of the neuron that
allows free passage of Na*t and K7 ions, thereby leading to a decreased potential
difference. This change in permeability lasts about a millisecond and is followed
immediately by a repolarization of the nerve cell wall.

The nervous system is considered to be the least sensitive system to radiation
effects—the threshold for somatic damage is high, on the order of 10-20 Gy.

The Endocrine System

The endocrine system comprises a group of separate glands that are located in vari-
ous parts of the body and secrete specific substances called kormones into the blood.
These hormones are carried by the blood to specific sites, where they produce certain
specific effects. We call the endocrine glands a system because, in many instances,
they interact with each other, and the action of one may depend on interaction with
a hormone secreted by another gland. A hormone that stimulates another gland is
identified by a name whose prefix is the name of the gland that it stimulates and
whose suffix is “tropin.” Thus, the hormone called thyrotropin stimulates the secretion
of thyroxine by the thyroid gland. The various glands in the endocrine system and
their hormones include the following:

Pituitary. The pituitary gland, which is located in the base of the skull, above the
roof of the mouth, is called the master gland because it secretes a number of different
hormones, including:

¢ Adrenocorticotropic hormone, which regulates the growth and hormonal secre-
tion of the adrenal cortex.
® Gonadotrophic hormones, which stimulate the production of sex hormones in
the male and in the female.
o Follicle-stimulating hormone—In the female, this hormone stimulates the
production of the female hormone estrogen and the development of the
ovarian follicles.
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© Luteinizing hormone—It stimulates the testes to secrete the male sex hor-
mone testosterone and, in the female, stimulates the development of the
corpus luteum and the production of progesterone.
o Luteotrophic hormone—Itstimulates the start of lactation following the birth
of a baby.
® Growth hormone (somatotropin), which stimulates growth, and thus is secreted
mainly during the period of active growth. Hypersecretion during childhood
leads to gigantism and hyposecrertion leads to dwarfism. Overproduction of
growth hormone during adulthood leads to acromegaly, in which the bones of
the head and the limbs are abnormally enlarged.
¢ Thyrotropic hormone, which stimulates the thyroid gland to secrete its own
hormone, thyroxin.
® Oxytocin, which stimulates the milk-filled ducts in the breast of alactating woman
to contract, thereby squeezing out the milk.
e Vasopressin (antidiuretic hormone), which helps maintain fluid balance by re-
sponding to the osmotic pressure in the blood.

Thyroid. The thyroid consists of two ellipsoidal lobes, about 10-15 g each, that strad-
dle the Adam’s apple. The two lobes are connected by a narrow strip of tissue called
the isthmus. The main role of the thyroid gland is the regulation of metabolism.
To do this, the thyroid gland secretes two iodine-containing hormones that are
synthesized within the thyroid, thyroxine (T4) and tri-iodothyronine (T3). The io-
dine used in the synthesis of these hormones comes from foods, including iodized
salt, seafood, and milk. Once in the blood, they combine with a plasma protein
and circulate as protein-bound iodine. Thyroxine concentration is about 10 mg per
100 mL serum, while the concentration of tri-iodothyronine is about 0.1 ug per
100 mL serum. These thyroid hormones regulate cellular metabolic rates. It is be-
lieved that they act as catalysts to increase the rate of oxidation reactions within the
cells.

The release of thyroid hormones is under the indirect control of the hypotha-
lamus, a regulatory region of the brain that modulates the activity of the pituitary
gland. When the blood level of thyroid hormones falls, the hypothalamus signals the
pituitary by secreting thyrotropin-releasing hormone, which causes the pituitary to
release thyroid-stimulating hormone (TSH) into the blood. This hormone, in turn,
stimulates the thyroid gland to release thyroid hormones. It should be pointed out
that the thyroid hormones are not made on an “as needed” basis. A large amount
of the hormone is made and is then stored within the thyroid gland; it is released
as needed. The retention time of iodine in the thyroid gland is quite long. For the
reference worker, the mean retention time of iodine is about 173 days. The release
of too little or too much thyroid hormone causes pathological conditions. Hypo-
thyroidism leads to a low basal metabolic rate, which results in decreased mental
and physical capacity. In children, severe hypothyroidism can lead to a condition
known as cretinism. In the adult, hypothyroidism is called myxedema and may be
associated with goiter. Hyperthyroidism, overproduction of thyroid hormones, leads
to the condition called thyrotoxicosis, in which a person is very nervous and excitable
and has an enlarged thyroid.

The thyroid is of importance to the field of radiation safety because 1*'I is a
high-yield fission product. If ingested or inhaled, it will be incorporated into the
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thyroid hormones and may lead to high radiation doses (depending on the quantity
of radioiodine in the thyroid) to the thyroid gland. This, in turn, may lead to cancer
of the thyroid. A large increase in the thyroid cancer rate, predominantly among
youngsters, was observed following the release of massive quantities of radioiodine
during the nuclear reactor accident in Chernobyl in 1986.

Parathyroids. The parathyroids consist of two pea-sized glands located on the pos-
terior surface of each of the two lobes of the thyroid. They secrete the parathyroid
hormone, which controls plasma levels of calcium and phosphorus.

Adrenals. The adrenal glands sit on top of the kidneys. Each adrenal is made up of
two different endocrine tissues. An outer tissue, called the adrenal cortex, surrounds
an inner tissue, called the adrenal medulla. The medulla secretes a group of hor-
mones called catecholamines, the most prominent one being adrenaline (epinephrine).
The adrenal cortex secretes the steroidal hormones. One group of steroidal hor-
mones, called the glucocorticoids, contains mainly hydrocortisone and is involved in
metabolism of carbohydrates, proteins, fats, and electrolytes. Another major group
of adrenocortical hormones is the mineralocorticoids, which consist mainly of aldos-
terone. Aldosterone regulates the retention of sodium and chloride ions and elim-
ination of potassium and hydrogen ions; thus, it is involved in control of blood
pressure and blood volume.

Islets of Langerhans. The islets of Langerhans are widely distributed within the
pancreas. They contain two hormone-producing cells: alpha cells, which produce
glucagon, and beta cells, which produce insulin. The function of a third islet cell,
called the delta cell, is presently not known. Insulin is essential to carbohydrate
metabolism. In the disease known as insulin-dependent diabetes mellitus, or Type 1
diabetes, the beta cells are destroyed through an autoimmune mechanism and in-
sulin must be injected if the patient is to remain alive. In Type 2, or non-insulin-
dependent diabetes mellitus, an insufficient amount of insulin is produced. This
disease is treated either with a medicine that stimulates insulin production or by
decreasing the quantity of insulin needed through dietary restriction. Glucagon is
secreted from the alpha cells and is then carried by the blood to the liver, where it
stimulates the liver to produce glucose. The action of glucagon is opposite to that
of insulin. As a result, the coordinated release of insulin and glucagon provides a
sensitive means for the control of blood glucose.

Gonads. The gonads—the ovaries in the female and the testes in the male—produce
the sex hormones. The female sex hormones include the estrogens and proges-
terone. The androgenic or male sex hormones consist mainly of testosterone. The
sex hormones determine the characteristics that distinguish males from females and
regulate sexual activity and reproduction.

The Reproductive System

In the male, the reproductive system includes the penis, testicles, ducts through
which semen passes into the urethra and from whence it is ejaculated during or-
gasm, the prostate gland, and Cowper’s gland, which produce the seminal fluids.
The testicles produce the male sex hormone, testosterone, as well as the sperms that
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are carried by the seminal fluid. Inside each of the testes is a number of convoluted
seminiferous tubules whose inner surfaces are lined with a basement membrane con-
sisting of the germinal cells from which the sperm eventually develop. The germinal
cells give rise to the spermatogonia, which develop into primary spermatocytes. The
primary spermatocytes undergo a meiotic division that decreases their chromosomes
from the diploid number of 46 to the haploid number of 23 to become secondary
spermatocytes. These secondary spermatocytes undergo a second meiotic division
to become spermatids, which then develop into mature male gametes called sper-
matozoa. Thus, four spermatozoa evolve from a single spermatocyte, and every one
of these spermatozoa is capable of fertilizing the female egg. The sole purpose of
the male reproductive system is to produce the male gametes, which are designed to
fertilize the female gametes. The germinal tissue in the seminiferous tubules forms
the most radiosensitive tissue in the male reproductive system. Sterility can result
from a dose of about 6 Gy (600 rads) to the basement membrane in the convoluted
seminiferous tubules. Male potency, however, is related to the testosterone levels in
the blood. A dose to the testes of about 30 Gy (3000 rads) or more is required in
order to shut down testosterone production in the testes.

The reproductive system in the female consists of two ovaries; the uterus, where
the fertilized egg develops into an embryo and then into a fetus; two fallopian tubes,
which lead from each ovary to the uterus; and the vagina. The ovaries contain several
thousand immature eggs, called oocytes, which are all present at the time of a female
infant’s birth. However, only several hundred will develop into mature eggs. The
oocytes undergo two meiotic divisions, as in the case of spermatogenesis. However,
in the case of oogenesis, only one mature ovum, the female gamete, is produced. In
contrast to the production of male gametes, which is a continuously ongoing process,
oogenesis is a cyclical process that is repeated about every 28 days. Whereas the male
reproductive system has finished its task with the production and ejaculation of
sperm, the female reproductive system is also designed to nurture and protect the
developing conceptus until it is ready to be born. The hormone progesterone is
secreted by the corpus lutewm, which is formed in the ovary during the menstrual
cycle.

Sensory Organs and Tissues

The sensory organs and tissues include the eyes, ears, olfactory nerve endings in
the nose, the taste buds in the tongue, and the sensory nerve endings in the skin
for tactile sensations and for monitoring temperature. The eyes, skin, and ears are
of great interest in the practice of health physics and industrial hygiene because of
ionizing and nonionizing radiation, and noise-regulatory requirements.

Eye. The structure of the eye is shown in Figure 7-11. The optical system of the eye
includes those tissues that act together to focus a real image of the object on the
retina. The system includes the following:

1. The cornea—A transparent layer about 0.5 mm thick with a mean index of
refraction of 1.376. The anterior surface has a radius of curvature of about
7.7 mm, while the radius of curvature of the posterior surface is about 6.8 mm.

2. The aqueous humor—A clear, transparent, dilute solution (>99% water) of al-
bumin, globulin, and sugar; its index of refraction is 1.336.
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3. The lens—A biconvex, clear, transparent semisolid tissue encased in a transpar-
ent membrane called the capsule; its index of refraction is 1.413. Focusing of
the eye is accomplished through a process called accommodation by thickening

or elongating the lens, thus changing the radii of curvature.

4. The vitreous humor—A soft, jellylike, clear, transparent substance that fills the
eye between the crystalline lens and the retina. It consists of about 99% water
and has an index of refraction of 1.336.

When the eye is illuminated, the light incident on the cornea is concentrated
by the eye’s optical system to form an image on the retina of a much greater light
intensity than that on the cornea. The light enters through the pupil, whose diameter
is varied by the iris diaphragm according to the intensity of the light and the age of
the person. This age dependency is shown in Table 7-3. After passing through the
pupil, the light is focused by the lens on the retina, where the light is transduced
to nerve impulses. These impulses are transmitted to the brain via the optic nerve

(second cranial nerve) to give the sensation of sight.

The retina is a complex structure that is, in fact, an extension of the optic disk, its
point of entry into the interior of the eyeball. On the visual axis, the retina is formed
into a slightly elevated yellow spot, about 0.6 mm in diameter, called the macula lutea;

in the center of the macula is a small, depressed area called the fovea centralis.

TABLE 7-3. Mean Pupil Diameter

AGE DAYLIGHT NIGHT TIME DIFFERENCE
lyrs) (mm) (mm) (mm)

20 4.7 8.0 3.3

30 4.3 7.0 2.7

40 3.9 6.0 2.1

50 3.5 5.0 15

60 3.1 4.1 1.0

70 2.7 3.2 0.5

80 2.3 2.5 0.2

Reproduced from Luckiesh M. Moss FK. 7he Science of Seeing. New York, NY: Van Nostrand; 1937.
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Sharp vision is dependent on the formation of a real image on the macula. Two
types of photoreceptor nerve endings are found in the retina: the rods and the cones.
The cones are concentrated mainly in the fovea and serve to resolve fine details
and to discriminate among the various hues of color. However, they are relatively
insensitive and function only under conditions of good illumination. The rods, on
the other hand, are much more light-sensitive than the cones and thus are useful
in dim illumination and for “night vision.” However, the rods neither resolve fine
details nor discriminate among hues. At low levels of illumination, therefore, things
tend to appear fuzzy and grayish regardless of their color. The retina is transparent
through the layers of photoreceptors; the last layer consists of opaque, pigmented
epithelium. Behind the pigmented epithelium is a layer of highly vascularized (rich
in blood vessels) tissue called the choroid, which serves as the source of nutrition
for the retina and carries away the cytometabolic wastes from the retinal cells. The
retina itself is not vascular. Heat energy absorbed in the retina must therefore be
conducted to the choroid before it can be transferred to the heat-exchange medium,
the blood, for removal.

Ear. The ear (Fig. 7-12) is a transducer that converts the mechanical energy carried
by sound waves into electrical pulses that are sent, via the auditory (eighth cranial)
nerve, to the brain, where they are processed. Structurally and functionally, the ear
can be thought of as having three major subassemblies. The outer ear, which includes
the ear lobe (pinna), and the auditory canal, capture sound waves and conduct them
to the eardrum (tympanic membrane), which is the beginning of the air-filled middle
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Figure 7-12. The gross structure of the human ear. (From Fleeger A, Lillquist D. /ndustrial Hygiene
Reference & Study Guide. 2nd ed. Fairfax, VA: American Industrial Hygiene Association; 2006. Repro-
duced with permission from Elliott Berger, Aero Technologies.)

Tube



BIOLOGICAL BASIS FOR RADIATION SAFETY 307

ear. The sound pressure on the eardrum activates a mechanical linkage of three tiny
bones (hammer, anvil, and stirrup) collectively called the ossicles. The function of
the middle ear is to mechanically amplify the sound-pressure-induced vibrations of
the eardrum and to transmit these vibrations to the oval window, which is the be-
ginning of the inner ear. The inner ear is filled with a fluid called the perilymph.
Immersed in the perilymph are two separate systems of ducts that are filled with
another physiological fluid called endolymph. One of these systems, the semicircular
canals, is concerned with regulation of balance. The other one is the cochlea, a spiral-
shaped structure in which the mechanical motions of the sound wave are converted
into electrical impulses that are sent to the brain. The oval window is joined to the
stirrup and vibrates due to the forces transmitted via the ossicles. This causes
the endolymph to move back and forth. Immersed in the endolymph is a membrane
(called the organ of Corti) from which numerous hairs project into the endolymph
along the entire length of the membrane. These hairs are parts of the auditory nerve.
The oscillatory motion of the endolymph causes the hairs to bend back and forth,
and this bending generates the electrical impulses that are sent to the brain and are
recognized as sound. The organ of Corti responds to the frequency and pressure
level of the sound waves.

Radiation at levels of interest in the practice of health physics does not lead to
any decrement in hearing acuity. However, loud noise, in excess of 90 dB, does lead
to hearing loss. Noise control therefore is important in areas where loud noises may
be generated, such as the turbine floor in a nuclear power plant.

Unity of the Body

The description of the physiological basis for radiation dosimetry sounds as if the
various organ systems were independent entities. Nothing, however, could be further
from the truth. The body can be thought of as a system of integrated negative
feedback loops that operate together to keep its internal milieu constant. The total
activity of these integrated systems is called homeostasis. In this manner, all the systems
function together in a highly coordinated manner to produce a unified individual.

RADIATION EFFECTS: DETERMINISTIC

Acute Effects

Acute whole-body radiation overexposure affects all the organs and systems of the
body. However, since not all organs and organ systems are equally sensitive to radi-
ation, the pattern of response, or disease syndrome, in an overexposed individual
depends on the magnitude of the dose. To simplify classification, the acute radiation
syndrome is subdivided into three classes. In order of increasing severity, these are
(1) the hemopoietic syndrome, (2) the GI syndrome, and (3) the CNS syndrome
(Table 7-4). Certain effects are common to all categories; these include the following:
® nausea and vomiting

* malaise and fatigue

® increased temperature

® blood changes

In addition to these effects, numerous other changes are seen.
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TABLE 7-4. Doses Associated with the Acute Radiation Syndromes Following Whole-Body
Exposure to Acute Low-LET Whole-Body Radiation

EFFECT
DOSE PRINCIPAL TIME TO DEATH
(gy) CONTRIBUTING TO DEATH (d)
3-5 Damage to bone marrow (LDso/60) 30-60
5-15 Damage to gastrointestinal tract and lungs 10-20
>15 Damage to nervous system 1-5

Abbreviations. LET, linear energy transfer; LD, lethal dose to 50% of a population at 60 days.

Reproduced with permission from ICRP Publication 60. Ann ICRP. 1991; 21(1-3):105. Copyright © 1991 International
Commission on Radiological Protection.

Hemopozetic Syndrome

A syndrome is a collection of signs and symptoms characteristic of a given disease
state. In the case of the hemopoietic syndrome, the effects are mainly on the blood-
forming tissues. Changes in the blood count have been seen in individuals with
whole-body gamma-ray doses as low as 140 mGy (14 rads). However, in most cases of
overexposure, changes in the blood count are seen when the dose is in the range of
250-500 mGy (25-50 rads). Blood count changes are almost certain to appear when
the dose is greater than about 500 mGy (50 rads).

The hemopoietic syndrome appears after a whole-body gamma dose of about 2 Gy
(200 rads) and encompasses the LD50/60-day dose. This disease state is characterized
by depression or ablation of the bone marrow and the physiological consequences
of this damage. After an acute sublethal radiation dose, there is a transitory sharp
increase in the number of granulocytes, followed within a day by a decrease that
reaches a minimum several weeks after exposure and then returns to normal after
a period of several weeks to several months. The lymphocytes drop sharply after
exposure and remain depressed for a period of several months. In contrast to the
very rapid response of the WBC to radiation overexposure, the RBC count does not
reflect overexposure until about a week after exposure. Depression in the erythro-
cyte count continues until a minimum is reached between 1 and 2 months after
exposure, followed by a slow recovery over a period of weeks. The platelet count
falls steadily until a minimum is reached about a month after exposure; recovery
is very slow and may take several months. In all cases, the degree of change in the
blood count, as well as the rate of change, is a function of the radiation dose. Figure
7-13 shows the trends and degree of blood changes following a nonlethal accidental
overexposure.

The onset of the hemopoietic syndrome is rather sudden and is heralded by
nausea and vomiting within several hours after the overexposure. Malaise and fatigue
are felt by the victim, but the degree of malaise does not seem to be correlated with
the size of the dose. Epilation (loss of hair), which is almost always seen, appears
during the second or third week after exposure. Death may occur between 1 and
2 months after exposure if medical intervention is not successful. The chief effects
to be noted are in the bone marrow and blood. Marrow depression is seen at 2 Gy
(200 rads); at about 4-6 Gy (400-600 rads), almost complete ablation of the marrow
occurs. Spontaneous regrowth of the marrow is possible if the victim survives the
physiological effects of the denuding of marrow. An exposure of about 7 Gy (700
rads) or greater leads to irreversible ablation of the marrow. The LD50/60-day dose
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Figure 7-13. Hematologic effects of radiation overexposure. Average values for five patients who
were exposed to 236-365 rads (estimated) during a criticality accident at the Y-12 plant in Oak Ridge
onJune 16, 1958. (Reproduced with permission from Andrews GH, Sitterson BW, Kretchmar AL, Brucer
M. Criticality accident at the Y-12 plant. In: Diagnosis and Treatment of Acute Radiation Injury. Geneva,
Switzerland: World Health Organization; 1961:27-48.)

for most mammals, including humans, falls within this range. The blood picture
reflects damage to the marrow; the changes noted above are seen, and the magnitude
of the change is roughly correlated with the dose. A very low lymphocyte count,
500 per mm?® or less within the first day after exposure, suggests that death will
probably ensue.

GI Syndrome

The GI syndrome follows a total body dose of about 10 Gy (1000 rads) or greater
and is a consequence of the destruction of the intestinal epithelium in addition to
the complete destruction of the bone marrow. All the signs and symptoms of the
hemopoietic syndrome are seen, but severe nausea, vomiting, and diarrhea begin
very soon after exposure. Death within several weeks after exposure is the most likely
outcome despite heroic medical efforts.

CNS Syndrome

A total-body gamma dose in excess of about 20 Gy (2000 rads) damages the CNS
as well as all the other organ systems in the body. Unconsciousness follows within
minutes after exposure and death in a matter of hours to several days; the ra-
pidity of onset of unconsciousness is directly related to dose. In one instance, in
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which a 200-ms burst of mixed neutrons and gamma rays delivered a mean total-
body dose of about 44 Gy (4400 rads), the victim was ataxic and disoriented within
30 seconds. Within 10 minutes, he was unconscious and in shock. Thirty-five minutes
after the accident, analysis of fecal fluid from an explosive watery diarrhea showed
a copious passage of fluids into the GI tract. Vigorous symptomatic treatment kept
the patient alive for 34 hours after the accident. Postmortem examination showed
that the victim’s neuronal nuclei were about one-third the diameter of those found
in normal unirradiated brains.

Other Acute Effects

Skin. Because of its physical location, the skin is subject to more radiation exposure,
especially in the case of low-energy X-rays and beta rays, than most other tissues.
A dose of about 3 Gy (300 rads) of Grenz rays or low-energy diagnostic X-rays may
result in erythema (reddening of the skin); higher doses may lead to changes in
pigmentation, epilation, blistering, necrosis, and ulceration. Radiation dermatitis of
the hands and face was a relatively common occupational disease among radiologists
who practiced during the early years of the twentieth century. The principal stochas-
tic risks associated with radiation of large areas of the skin are the nonmelanoma
skin cancers, basal-cell carcinoma, and squamous-cell carcinoma.

Of special interest is the radiation effect of alpha or beta radiation emitted from
discrete radioactive particles, or hot particles, which may be found in nuclear reac-
tor and in nuclear material facilities. Most hot particles range in size from about
10 pum to about 250 um, and in activity from about 400 Bq (10 nCi) to about
200 kBq (5 nCi). These particles may consist of fission products due to tramp ura-
nium (uranium contamination) on the outside of fuel rods or leakage from micro-
scopic imperfections in the fuel rods (fewer than 0.1% of fuel rods are “leakers”),
and neutron-activation products, such as *’Co from the *Co alloys used in Stellite
valve seats in the reactor coolant circulation piping system that form in the cooling
water. These particles may be released into the environment during maintenance
work on the coolant recirculating system. Once released into the environment, they
may be deposited on the skin or inhaled.

Special concern about hot particles arises because the extremely nonuniform spa-
tial distribution of radiation absorbed dose from hot particles (which are effectively
point sources) deposited on the skin is uniquely different from that due to large area
irradiation. The tissue in contact with the surface of the particle suffers a relatively
high dose, whose exact magnitude is dependent on the radionuclides in the hot
particle. The radiation dose decreases very rapidly with increasing distance from the
particle because of dispersion due to the inverse square effect and absorption by
the tissue. As a consequence of this steep gradient of absorbed energy, the radiation
absorbed dose varies greatly from cell to cell in the cone of tissue that is within the
range of the radiations emitted from the hot particle on the surface of the skin
(or embedded in the tissue in the case of an inhaled or ingested hot particle). This
extreme variation in the spatial distribution of absorbed dose leads to uncertainty re-
garding biologically meaningful dosimetry of hot particles. Physically, the radiation
dose can be expressed in three different ways:

® By the quantitative relationship between dose rate and distance from the particle
(Table 7-5).
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TABLE 7-5. Tissue Dose Rate vs. Distance from a 1-uCi Particle

DOSE RATE (rads/h)

DISTANCE (microns) LG 05,0y 22p
10 2,000,000 800,000 380,000
100 1500 7700 3700
200 40 1780 930
400 0.03 360 230
600 130 100
1000 36 30
2000 7 7
4000 1 0.7
6000 0.3 0.1
8000 0.01

® By the tissue mean dose, which is the mean dose to the sphere of tissue whose
radius is equal to the range of the alphas or betas emitted from the hot particle.
The tissue mean dose is calculated by dividing the mass of the irradiated tissue
by the total amount of energy absorbed by the tissue (Table 7-6).

® In the case of a hot particle on the skin, by the mean dose to the basement layer,
at a depth of 0.007 cm below the surface, averaged over 10 cm?.

® By the organ mean dose, which is the mean dose to the entire organ calculated
by dividing the total amount of energy absorbed in the organ by the total weight
of the organ. This is equivalent to the radioactivity being uniformly distributed
throughout the organ instead of being concentrated in a discrete point source.

It had been thought that the steep gradient of absorbed energy around the hot
particle would be particularly toxic to the cells within the range of the particulate
(alpha or beta) radiation. Those cells very close to the radioactive particles would
be killed by the high radiation dose, while cells further away would get a sublethal
dose, but a dose large enough so that the initiation of an oncogenic lesion was likely.
Numerous laboratory studies and human experiences showed that this was not the
case. The NCRP, in Report No. 106, Limit for Exposure to “Hot Particles” on the Skin,
conservatively estimated the risk of fatal cancer from a discrete radioactive particle
on the skin to be about 1 x 107 Gy_l (1 x 107" rad™1).

If an area of the skin is damaged by radiation, the damage is then repaired by
regeneration of surviving cells within the damaged area and around the periphery
of the damaged area. As the size of the damaged area decreases, the role of the

TABLE 7-6. Tissue Mean Dose Rate (rads/h) for a 1-uCi Particle
RADIUS OF SPHERE TISSUE VOLUME

(cm) (cm3] 14C 32P 9OSr_9OY
0.01 4.2 x10°° 21,000 9400 24,000
0.1 0.0042 25 110 166
0.62 1.0 0.096 1.4 2.13
1.0 4.2 0.023 0.36 0.58

Reproduced from Effects of Inhaled Particles: Report of the Subcommittee on Inhalation Hazards, Committee on
Pathologic Effects of Atomic Radiation. Washington, DC: National Academy Press; 1961. Publication 848.
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peripheral cells in the healing process increases. If the damaged area is very small,
the cells within the area may all have been killed, but healing can be complete, with
little or no permanent injury because of the regeneration of the cells around the
perimeter. If the area of total cellular destruction exceeds the ability of the peripheral
cells to repopulate this area, then ulceration can result. There is a threshold area
and a threshold dose to the basal cells in the skin, both of which must be exceeded
before an ulcer can result. No ulceration will occur at any dose, no matter how
great, unless the irradiated area exceeds 0.05 mm? (diameter = 0.25 mm); and at any
irradiated area, no matter how great, unless the dose to the basal cells exceeds 20 Gy
(2000 rads). For an area of 1 cm?, the calculated threshold dose for ulceration is
about 30 Gy (3000 rads).

Gonads. The gonads are particularly radiosensitive. A single dose of only 300 mGy
(30 rads) to the testes may result in temporary sterility among men; for women,
a 3-Gy (800-rad) dose to the ovaries may lead to temporary sterility. Higher doses
increase the period of temporary sterility. One man, whose exposure to the gonads
was less than 4.4 Gy (440 rads), was aspermatic for a period of several years. In
women, temporary sterility is evidenced by a cessation of menstruation for a period
of 1 month or more, depending on the dose. Irregularities in the menstrual cycle,
which suggest functional changes in the gonads, may result from local irradiation of
the ovaries with doses smaller than required for temporary sterilization.

Eyes. Much higher incidence rates of cataracts were found among physicists in cy-
clotron laboratories whose eyes had been exposed intermittently over long periods
of time to mixed neutron and gamma radiation. Among nuclear bomb survivors
whose eyes had been exposed to a single high-radiation dose, it was found that both
chronic and acute overexposure of the eyes could lead to cataracts. Radiation may
injure the cornea, conjunctiva, iris, and lens of the eye. In the case of the lens, the
principal site of damage is the proliferating epithelial cells of the lens capsule on the
anterior surface of the lens. This results in abnormal lens fibers, which eventually
disintegrate to form an opaque area, thus preventing light from reaching the retina.
The opacity is called a cataract when it is large enough to interfere with vision. The
cataractogenic dose to the lens of the eye is on the order of 2 Gy (200 rads) of beta
or gamma radiation. Cataracts have been observed among survivors of the nuclear
bombings whose doses to the eyes are believed to have been in the range of 0.6—
1.5 Gy (60-150 rads) of mixed neutron and gamma radiation.

Not all radiations are equally cataractogenic. Neutrons are much more efficient
in producing cataracts than beta or gamma rays. The cataractogenic dose has been
found, in laboratory experiments with animals, to be a function of age; young an-
imals are more sensitive than old animals. On the basis of occupational exposure
data, it is estimated that the fast-neutron threshold dose for cataracts in humans lies
between about 0.15 and 0.45 Gy (15 and 45 rads). No radiogenic cataracts resulting
from occupational exposure to X-rays have been reported. From patients who suf-
fered irradiation of the eyes in the course of X-ray therapy and developed cataracts
as a consequence, the cataractogenic threshold dose is estimated at about 2 Gy
(200 rads). In cases, either of occupationally or iatrogenically induced radiation
cataracts, a long latent period, on the order of several years, usually elapsed between
exposure and the appearance of the cataract.
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Birth Defects (Teratogenesis)

Teratogenic effects can result from radiation overexposure of an embryo or fetus
(conceptus). The type of radiogenic damage depends on the age of the conceptus
at the time of the radiation overexposure. The 9-month gestation period can be
divided into three identifiable phases:

1. Weeks 1 and 2—Preimplantation, when fertilization occurs, and implantation of
the fertilized egg in the wall of the uterus. Fertilization occurs in the Fallopian
(uterine) tube, and the zygote (fertilized egg) migrates into the uterus. About
8-10 days after fertilization, the zygote is implanted in the wall of the uterus
and the primary embryonic tissues are formed. During this phase, the cells are
growing rapidly and are not well differentiated. In accordance with the Law
of Bergonié and Tribondeau, these cells are very sensitive to the lethal effects
of radiation. Thus, embryonic cells in this phase tend to be killed rather than
survive a teratogenic radiation dose.

2. Weeks 3-7—Period of organogenesis. The embryonic tissues differentiate into
the major organs. Radiation doses of >0.15 Gy (15 rads) to the embryo may lead
to death of the embryo or to birth defects.

3. Weeks 8-birth—This is called the fetal period, and is characterized by rapid
growth of the fetus. The fetus is sensitive to mental retardation following a fetal
dose 20.25 Gy (25 rads). Studies of children who had been irradiated in utero
and survived the nuclear bombings in Japan have shown a dose-related increase
in mental retardation. This effect was especially pronounced among those who
had been exposed during the 8th through the 17th week of pregnancy. During
this part of the gestation period, the number of neurons in the developing brain
increases rapidly and the neurons move into the specific part of the brain where
they will permanently reside. After the 17th week, the brain cells continue to dif-
ferentiate and to form synaptic junctions, but they do not undergo any further
cell division. Thus, a baby is born with all the brain cells it will ever have. The
high rate of mitotic activity during the 8th to the 17th week is the basis for the
high degree of radiosensitivity of the CNS and thus is the explanation for
the mental impairment observed among the nuclear bombing survivors who
had been irradiated in utero, as shown in Table 7-7. In utero irradiation later
than the 25th week of gestation did not affect the I1Q of the child.

Treatment of Acute Overexposure

Medical treatment of an acutely overexposed person is directed mainly at the al-
leviation of symptoms. Since severe depression of the WBC (leukopenia) compro-
mises the immune system, the patient is treated with antibiotics and kept in reverse
isolation—that is, in a relatively aseptic environment—in order to prevent infection.
Thrombocytopenia (low platelet count) affects blood clotting and therefore leads to
hemorrhage. The 3—4-month lifetime of the erythrocytes precludes an immediate de-
crease in RBCs. However, anemia develops within 1-2 weeks because the extremely
radiosensitive undifferentiated stem cells, which give rise to all the blood cells, are
severely depleted. One of the first steps in combating these effects is a blood transfu-
sion. In cases of very severe bone-marrow depression, bone-marrow transplants have
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TABLE 7-7. Mental Retardation Among Atomic Bomb Survivors Following in Utero Exposure

MEAN DOSE ALL GESTATIONAL AGES 10-17 WKS
DOSE RANGE No. No.
(RADS) (RADS) Number Retarded % Number Retarded %
0 Control 1085 9 0.8 257 2 0.8
4 1-9 292 4 1.4 69 3 4.3
23 12-49 169 4 2.4 50 4 8.0
72 50-99 34 6 17.6 13 4 30.8
131 100-199 15 5 6 5
274 200+ 4 2 379 3 1 67

“Because of the small numbers, the data of the two highest doses were combined.

Reprinted with permission from Otake M, Schull WJ. Mental Retaraation in Children Exposed in-utero to Atomic Bombs.
A Reassesment. Hiroshima, Japan: Radiation Effects Research Foundation; 1983. RERF TR 1-83.

been used. However, there is a good deal of uncertainty about the exact indications
for bone-marrow transplants. Because of the difficulties and complications associ-
ated with the procedure, this treatment modality is being either supplemented with
or replaced by a treatment that uses human granulocyte macrophage colony stimu-
lating factor. This agent stimulates the bone marrow to produce granulocytes after
severe depression of the red marrow activity. Vomiting and diarrhea lead to dehydra-
tion and electrolyte imbalance. Accordingly, fluids and electrolytes are administered
via the diet and by intravenous infusion.

Severe overexposure by external radiation also damages the skin. Swelling, epi-
lation (loss of hair), and dry and wet desquamation (peeling and blistering of the
skin) are seen. The degree to which these effects occur depends on the size of the
dose. These skin lesions are treated medically with topical analgesics, antiseptics,
and antibiotics. When necessary, the skin lesions are surgically debrided. Eventually,
the wounds heal. In the case of hands and feet that are very severely overexposed, a
serious complication may develop when the radiation burns seem to be healed. The
arterioles (very small blood vessels) that supply the extremities may overcompensate
in the healing process. Instead of regenerating enough cells to rebuild the damaged
arteriolar walls to their proper thickness, the wall thickness continues to increase
until the entire lumen of the arteriole is solidly filled. When this happens, the blood
supply to the tissue is cut off, gangrene develops, and the affected parts of the hands
or feet must be amputated.

Medical treatment in cases of acute whole-body overexposure is successful only
for doses within the range of the hemopoietic syndrome. For doses in the range
of the GI syndrome, there is no effective medical treatment that will prevent
death.

In the case of overexposure from radioactive material taken into the body through
inhalation, ingestion, transcutaneously, or through a wound, immediate actions may
be taken in some instances to block deposition of the radionuclide in the critical
organ. For example, iodine, when administered within 2 hours or less following
intake of radioiodine will effectively saturate the thyroid with iodine and thus block
the further deposition of the radioiodine. In case of an accidental overexposure to
iodine, regardless of the portal of entry into the body, the NCRP recommends that
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the overexposed person be immediately given a 300-mg tablet of either KI or Nal.
For overexposure to radiocesium, the most effective treatment is with Prussian blue
(ferric ferrocyanide), which binds to the cesium. The bound cesium is not absorbed
into the blood, and is excreted via the feces. Chelation with the calcium or zinc salts
of DPTA (diethylenetriaminepentaacetate) is useful in the removal of transuranics
from the body. Chelation therapy must be administered within several hours of
exposure to be effective. Chelation is not without its own risk, and the benefits of
removal of the contaminant must be weighed against the risks of chelation.

Delayed Effects

The delayed effects of radiation may be due either to a single large overexposure or
continuing low-level overexposure.

Continuing overexposure can be due to exposure to external radiation fields or
can result from inhalation or ingestion of a radioisotope which then becomes fixed
in the body through chemical reaction with the tissue protein or, because of the
chemical similarity of the radioisotope with normal metabolites, may be systemically
absorbed within certain organs and tissues. In either case, the internally deposited
radioisotope may continue to irradiate the tissue for a long time. In this connection,
it should be pointed out that the adjectives “acute” and “chronic,” as ordinarily used
by toxicologists to describe single and continuous exposures, respectively, are not
directly applicable to inhaled or ingested radioisotopes since a single or “acute”
exposure may lead to continuous or “chronic” irradiation of the tissue in which the
radioactive material is located.

Among the delayed consequences of overexposure that were seen among the
Japanese atomic bomb survivors, in addition to cancers and cataracts, is decreased
life span (2.6-year median decrease in longevity for those who survived doses of 1 Gy
[100 rads] or more and a median loss of about 4 months for all members of the cohort
whose dose exceeded zero). Because a dose-related 2-3-year reduction in the age of
onset of menopause has been found among the survivors and because the decreased
life span among the Japanese survivors cannot be attributed to any single medical
cause, it is reasonable to infer radiation-related, accelerated physiological aging.
Other delayed effects that were seen include heart disease, stroke, and diseases of the
blood-forming, digestive, and respiratory systems. Although statistically significant,
there were not enough data to establish a quantitative dose—response curve whose
threshold that may be as high as 0.5 Gy (50 rads).

RADIATION EFFECTS: STOCHASTIC

Genetic Effects

No genetic (heritable) effects of radiation have ever been observed in any human
population irradiated at any dose ranging from that due to the natural background
to that received by the Japanese survivors of the nuclear bombings.

Genetic information necessary for the production and functioning of a new or-
ganism is contained in the chromosomes of the germ cells—the sperm and the ova.
The normal human somatic cell contains 46 chromosomes; the mature sperm and
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Figure 7-14. Structure of the DNA molecule. The nucleotides, the strands of the double helix, consist
of alternating deoxyribose (DR) and phosphate (p) units. Two pairs of complementary bases, adenine
(A) and thymine (T), and guanine (G) and cytosine (C) join the two nucleotide chains.

ova each carry 23 chromosomes. When an ovum is fertilized by a sperm, the resulting
cell, called a zygote, contains the full complement of 46 chromosomes. During the
9-month gestation period, the fertilized egg, by successive cellular divisions and dif-
ferentiation, develops into a new individual. In the course of the cellular divisions,
the chromosomes are exactly duplicated, so that all the cells in the body contain the
same genetic information. The units of information in the chromosomes are called
genes. Each gene is an enormously complex macromolecule called deoxyribonucleic
acid (DNA), in which the genetic information is coded according to the sequence of
certain molecular subassemblies called bases. The DNA molecule (Fig. 7-14), whose
molecular mass is on the order of 107 Da, consists of two long chains composed
of pentose sugars (deoxyribose) and phosphates that wind around each other in
a double helix. The two long, intertwined strands are held together by a pair of
bases that are hydrogen-bonded to each other. The base pairs form cross-links be-
tween the long strands in a manner similar to the treads of a stepladder (Fig. 7-14).
There are four different bases: two purines, adenine (A) and guanine (G), and two
pyrimidines, cytosine (C) and thymine (T). The base cross-links are formed when
two of these bases, one of which is joined to each long strand, attach to one an-
other. The cross-linked bond is specific, with adenine coupling only with thymine
(A-T) and cytosine coupling only with guanine (C-G). The bits of information are
coded in triplets of various combinations of A-T and C-G cross-links, and the se-
quence of these triplets determines the genetic information contained in the DNA
molecule.

The genetic information can be altered by many different chemical and physical
agents, called mutagens, that disrupt the sequence of bases in a DNA molecule. If
this information in a somatic cell is scrambled, then its descendants may show some
sort of an abnormality. If the information in a germ cell is jumbled and that cell
is subsequently fertilized, then the new individual may carry a genetic defect, or
a mutation. Such a mutation is often called a point mutation, since it results from
damage to one point on a gene. Most geneticists believe that the majority of such
mutations in people are undesirable or harmful.

In addition to point mutations, genetic damage can arise through chromosomal
aberrations. Certain chemical and physical agents, including ionizing radiation, can
cause chromosomes to break. In most of these breaks, the fragments reunite. In
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a small fraction of breaks, however, the broken pieces do not reunite. When this
happens, one of the broken fragments may be lost when the cell divides, and the
daughter cell does not receive the genetic information contained on the lost frag-
ment. The other possibility following chromosomal breakage, especially if two or
more chromosomes suffer double stranded beaks, is the interchange of fragments
among the broken chromosomes and the production of aberrant chromosomes.
Cells with such aberrant chromosomes usually have impaired reproductive capac-
ity as well as other abnormalities. About 200 double-stranded breaks occur per cell
per year due to various reasons, including background radiation, chemicals, and
spontaneous breaks due to intramolecular vibration. A whole-body dose of 10 rads
(0.1 Gy) leads to about 4 double-stranded breaks per cell.

The mutagenic properties of ionizing radiation were discovered by Herman J.
Muller in 1927 (for which he won the Nobel Prize in medicine in 1946). He studied
the genetic effects of X-rays on fruit flies. Since then, laboratory studies of a number
of different irradiated organisms have confirmed the mutagenicity of all forms of
ionizing radiation.

Point mutations are changes on the molecular level. However, many biochemical
events that can modify the dose-response relation that occur between molecular
changes on a gene and the somatic expression of that molecular change. For ex-
ample, if the genetic damage renders a germ cell or a zygote nonviable, then no
living organism that carries that mutation will be born. Empirically, therefore, no
detrimental effect is observed. Although the biological model used to explain ge-
netic effects postulates a zero threshold for genetic effects of radiation, studies on
dose-rate effects imply that there is a repair mechanism to correct genetic lesions.
Animals exposed at low dose rates show mutation rates that are one-fifth to one-tenth
the mutation rate observed at high dose rates. This dose-rate dependence implies
a repair mechanism that is overwhelmed at high dose rates.

What is the quantitative relationship between radiation dose and probability of
mutation? The doubling dose—that is, the gonadal radiation dose that would even-
tually lead to a doubling of the spontaneous mutation rate—was calculated by the
BEIR VII committee from animal data, and was found to be 0.82 £ 0.29 Gy (82 +
29 rads). The committee suggested 1 Gy (100 rads) as the estimated doubling dose.
Doubling the equilibrium genetic load in a population requires the irradiation of
successive generations with the doubling dose. If only one generation receives the
doubling dose, then the equilibrium genetic load in the population will asymptoti-
cally approach the preirradiation value (Table 7-8). These numbers are theoretical
calculations based on animal experiments. No increased mutation rate has yet been
observed among any irradiated population.

Cancer

The carcinogenic effects of doses of 1 Gy (100 rads) or more of gamma radiation
at high dose rates are well documented and consistent. Table 7-9 lists the BEIR
VII committee’s estimated excess relative risk (EER) of several solid cancers and
leukemia per Sv (100 rems) of whole-body radiation. The ERRs are based on the
mortality data during the period 1950-2000, among 86,572 Japanese atomic-bomb
survivors whose radiation doses are reasonably known. The ERR is a prospective
metric of the increased likelihood of developing cancer as a result of exposure to
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TABLE 7-8. Effects of a Single or Permanent Doubling Dose of the Mutation Rate on
Mutant Gene Frequency, p, and Disease Frequency, P for a Hypothetical Autosomal

Dominant Disease

PERMANENT DOUBLING DOSE

SINGLE DOUBLING DOSE

GENERATION p(x 10‘5) P(x 10‘5) P(x 10‘5) P(x 10‘5)
Initial 2.0 4.0 2.0 4.0
1 3.0 6.0 3.0 6.0
2 3.5 7.0 2.5 6.0
3 3.8 7.5 2.3 4.5
4 3.9 7.8 2.1 4.3
5 3.9 7.9 2.1 4.1
New equilibrium 4.0 8.0 2.0 4.0

Reprinted with permission from the National Academies Press from BEIR VII: Health Risks from Exposure to Low Levels of
lonizing Radiation. Washington, DC: National Academies Press; 2005. Copyright (© 2005, National Academy of

Sciences.

a carcinogen (ionizing radiation in this case) and is dependent on several factors,
including age, sex, and dose history. It is defined by

ERR =

Cancer incidence in exposed population

Cancer incidence in unexposed population

(7.7

Another metric used to estimate radiation risk to a population from a given radi-
ation dose is the excess absolute risk (EAR). The EAR is a measure of the postulated

TABLE 7-9. Cancer Incidence Among 86,572 Atomic-Bomb Survivors with Known

Radiation Dose

EXCESS RELATIVE RISK (per Sv?)

CANCER SITE NUMBER OF CASES Male Female
Stomach 3602 0.21 (0.11-0.40)7 0.48 (0.31-0.73)
Colon 1165 0.63 (0.37-1.1) 0.43 (0.19-0.96)
Liver 1146 0.32 (0.16-0.64) 0.32 (0.10-1.0)
Lung 1136 0.32 (0.15-0.70) 1.40 (0.94-2.11)
Breast 952 — 0.51 (0.28-0.83)
Prostate 281 0.12 (0-0.69) —

Uterus 875 — 0.055 (0-0.22)
Ovary 190 — 0.38 (0.10-1.4)
Bladder 352 0.50 (0.18-1.4) 1.65 (0.69-4.0)
Other solid cancers 2969 0.27 (0.15-0.50) 0.45 (0.27-0.75)
Thyroid 243 0.53 (0.14-2.0) 1.05 (0.28-3.9)
Leukemia (Except CLL) 296 1.1(0.1-2.6) 1.2 (0.1-2.9)

“ERR per Sv for exposure at age 30+ and attained age 60. The numbers in the parentheses are the 95% confidence

intervals for the ERRs.

Abbreviations.: CLL, chronic lymphocytic leukemia; ERR, excess relative risk.

Reprinted with permission from the National Academies Press from BEIR VII: Health Risks from Exposure to Low Levels of
lonizing Radiation. Washington, DC: National Academies Press; 2005. Copyright (© 2005, National Academy of

Sciences.
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TABLE 7-10. BEIR VIIs Estimated Number of Increased Cases and Deaths for All Solid
Tumors and for Leukemia“

ALL SOLID CANCERS LEUKEMIA
Males Females Males Females
Number of cases in absence 45,500 36,900 830 590

of exposure

Excess cases from a 0.1-Gy 800 (400-600) 1300 (690-2500) 100 (30-300) 70 (20-250)
dose

Number of deaths in absence 22,100 17,500 710 530
of exposure

Excess deaths from a 0.1-Gy 410 (200-830) 610 (300-1200) 70 (20-220) 50 (10-190)
dose

“This study was conducted in a population of 100,000 persons, with an age distribution similar to that of the entire
United States, who had been exposed to 0.1 Gy (10 rads).

“The numbers in the parentheses are the 95% confidence intervals of the lifetime attributable risks.

Reprinted with permission from the National Academies Press from BEIR VII: Health Risks from Exposure to Low Levels of
lonizing Radiation. Washington, DC: National Academies Press; 2005. Copyright (© 2005, National Academy of
Sciences.

increase in the number of cases or deaths in a population that had been exposed to
a given dose—that is, the EAR tells us how many cases or deaths may be attributed
to the exposure. It is therefore also called the attributable risk (Table 7-10). EAR is
defined by

EAR = exposed population incidence rate — control population incidence rate.

(7.8)

Cancer is believed to be the culmination of a multiphase sequence of events that
may be spread over many years. First is an initiating event in a single cell. This event
is thought to be damage to a DNA molecule by ionizing radiation or by a chemical
interaction. Additionally spontaneous damage may occur because of the Maxwell—-
Boltzman distribution of intramolecular vibrational energy. A break in some part of
the DNA molecule occurs when the vibrational energy exceeds the bonding energy.
The initiating event is followed by what is called tumor promotion, a preneoplastic
phase in which the damaged cell proliferates. If natural defense mechanisms fail,
the damaged clone undergoes a malignant transformation, which may progress into
a clinical cancer. Because of the numerous defense mechanisms in every step of
this sequence, only a very small fraction of the initiated cells actually develop into a
cancer.

Although any organ or tissue may develop neoplasia after overexposure to radia-
tion, certain organs and tissues seem to be more sensitive in this respect than others.
Radiation-induced cancer is observed most frequently in the hemopoietic system,
the thyroid, the bone, and the skin. In all cases, the tumor-induction time in hu-
mans is relatively long—on the order of 5-20 years after exposure. Carcinoma of the
skin was the first type of malignancy associated with exposure to X-rays. Early X-ray
workers, including physicists and physicians, had a much higher incidence of skin
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cancer than could be expected from random occurrence of the disease. Well over
100 cases of skin cancer associated with overexposure to radiation are documented
in the literature. As early as 1900, a physician who had been using X-rays in his
practice described the irritating effects of X-rays. He recorded erythema and itch-
ing that progressed to hyperpigmentation, ulceration, and finally to neoplasia.
The entire disease process spanned a period of 9 years until his death from
metastatic carcinoma. An occupational disease among dentists, before the carcino-
genic properties of X-rays were well understood, was cancer of the fingers that
were used to hold dental X-ray film in the mouths of patients while X-raying their
teeth.

Although overexposure to radiation increases the likelihood of cancer, i is im-
possible to definitely identify any particular cancer with any given exposure. No physi-
cian, no matter how expert he or she is in pathology, can say with certainty that
any particular cancer would not have occurred if the patient had not been ex-
posed to radiation. Association of cancer with radiation exposure can be made
only statistically through epidemiologic studies. Epidemiologic data relative to
the carcinogenicity of low-level radiation gathered from numerous sources are
contradictory and inconclusive; some even show negative correlations between
the induction of cancer and dose in the low-dose range, as reported by the Inter-
national Commission on Radiological Protection (ICRP) in 1991, in its Publication
No. 60. For purposes of setting criteria for the management of radiation risks, there-
fore, the ICRP considered it prudent to estimate the risk from low-level radiation by
extrapolation from the high-dose cases.

Probability of Causation

Stochastic effects, as the name implies, are those effects that occur by chance; they
occur among unexposed as well as exposed individuals. Stochastic effects are there-
fore not unequivocally related to exposure to a noxious agent, as drunkenness is
to alcohol consumption or sunburn to overexposure to the sun. In the context of
radiation safety, stochastic effects mean cancer and heritable (genetic) effects. The
result of exposure to a carcinogen or to a mutagen is an increase in the probability
of occurrence of the effect, with the increase in probability being proportional to
the size of the dose. Thus, people develop cancer whether or not they are exposed to
carcinogens. However, exposure to a carcinogen increases the likelihood of cancer,
and the greater the exposure, the greater the likelihood. At no time, however, re-
gardless of the size of the dose, is it certain that cancer will result from the exposure.
If cancer does develop after exposure to a carcinogen, we cannot be certain, as we
are in the case of alcohol consumption and drunkenness, that the cancer was caused
by the carcinogen. No pathologist can say with certainty that the cancer would not
have occurred if the person had not been exposed to the carcinogen. The best we
can do is to estimate the probability, based on the exposure history and dose, that
the cancer was caused by the carcinogen. For example, we find lung cancer among a
much higher proportion of cigarette smokers than among nonsmokers; and among
smokers, lung cancer is seen in a greater proportion of heavy smokers than light
smokers. Most cigarette smokers do not develop lung cancer, while some nonsmok-
ers develop this disease. Smoking, even heavy smoking, does not ensure that the
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smoker will develop lung cancer; it merely increases the likelihood of developing

the disease. The probability of causation of the cancer, PC, is defined as

c— ERR
1+ ERR

6 .
\é@ EXAMPLE 7.1

A female nuclear medicine technician accumulates 0.15 Gy (15 rads) over a 30-year
working period starting at age 25. At age 60, she is diagnosed with colon cancer. She
is a nonsmoker, and knows of no exposure to other risk factors for colon cancer.
The lifetime risk of spontaneous colon cancer in women is 4.2% (BEIR VII), and
the ERR for colon cancer in women is listed in BEIR VII as 0.43 per Gy, with a 95%
confidence interval of 0.19-0.96 per Gy. What is the estimated probability that her
colon cancer is due to her radiation dose?

Solution

Substituting the values for the spontaneous risk and for the ERR into Eq. (7.9),
we find

(7.9)

043Gy ™! x0.15 Gy
"~ 14 (0.43 Gy x 0.15 Gy)

PC = 0.061 = 6.1%.

After substituting the 95% confidence limits into Eq. (7.9), we find the 95% confi-
dence interval of the PC to be 2.8-12.6%.

Leukemia

Leukemia, especially acute myelogenous leukemia and to a lesser extent chronic
myelogenous or acute lymphocytic leukemia, is among the most likely forms of ma-
lignancy resulting from whole-body overexposure to radiation. Chronic lymphocytic
leukemia does not appear to be related to radiation exposure.

Radiologists and other physicians who used X-rays in their practices before strict
health physics practices were common showed a significantly higher incidence rate
of leukemia than did their colleagues who did not use radiation. Among American
radiologists, the doses associated with the increased rate of leukemia were on the
order of 1 Gy (100 rads) /yr. With the increased practice of health physics, the dif-
ference between the leukemia incidence rates of radiologists and other physicians
gradually disappeared. An increased incidence rate of leukemia was also seen among
patients who had been treated with X-rays for ankylosing spondylitis (rheumatoid
arthritis of the joints in the spine).

Among the survivors of the nuclear bombings in Japan, there was a significantly
greater incidence of leukemia in those who had been within 1500 m of the hypocen-
ter than among those who had been further away from ground zero at the time of
the bombing (Fig. 7-15). The first increase in the leukemia incidence rate among
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the survivors was seen about 3 years after the bombings, and it continued to increase
until it peaked about 7 years after the bombings. Since then, the leukemia inci-
dence rate has slowly declined, until it eventually reached the same value as that in
the unexposed population.

The questions regarding the leukemogenicity of low-level radiation and of the ex-
istence of a nonzero threshold for leukemia induction remain unanswered and are
the subjects of controversy. A clear dose-response relationship was seen in Hiroshima
and Nagasaki. The atomic bomb data show increased leukemia mortality among
those whose dose was 0.4 Gy (40 rads) or more, but no increased mortality at
doses less than 0.4 Gy. No radiation-induced leukemia was found among people
who had been exposed in utero to radiation from the bombs. However, a study in
Great Britain found that children who had been irradiated in utero during medical
X-ray examinations of the mother had a significantly higher leukemia rate than did
children who had not been irradiated in utero. On the basis of these studies, it was
inferred that a dose to the fetus of as little as 5-50 mGy (0.5-5 rads) of X-rays might
lead to leukemia.

In other studies involving in utero X-ray exposures that were made for routine
pelvimetry rather than for some medical indication, no evidence of any radiation
effect was seen. The difference between these two divergent observations is thought
to be due to the medical factors that required the diagnostic X-rays. Thus, although
all the available data show ionizing radiation to be leukemogenic at high doses, the
results of studies on the leukemogenic effects of low doses are inconclusive and
controversial. Because the results from low-dose studies are conflicting, however,
it is reasonable to infer that the low-level radiation at doses associated with most
diagnostic X-ray procedures, occupational exposure within the recommended limits,
and natural background radiation is, at worst, a very weak leukemogen, and that the
attributive risk of leukemia from low-level radiation is probably extremely small. The
risk for leukemia per unit dose was found by the BEIR VII committee to increase at
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Figure 7-16. Alternative dose-response curves. (Reproduced from BEIR lll: The Effects on Populations
of Exposure to Low Levels of lonizing Radiation: 1980. Washington, DC: National Academy Press;
1980.)

high doses. Accordingly, the BEIR VII model for estimating the radiogenic risk for
leukemia is linear-quadric (Fig. 7-16).

Bone Cancer

Historically, cancers of the bone and of the lung, induced by occupational radiation,
are important in studying the carcinogenicity of internally deposited radioisotopes.
Although the carcinogenic properties of radium were known within several years
after its discovery by Pierre and Marie Curie in 1902, little or no effort was made to
protect people from the harmful effects of radium. One of the first industrial uses to
which radium was put was in the manufacture of luminous paint. When powdered
radium is mixed with ZnS crystals, the crystals glow owing to absorption of energy
from the alpha particles emitted by the radium. Luminous paint made in this way
was soon used to paint instrument and clock dials. This application of radium re-
ceived a great impetus when World War I began. In order to paint fine lines, the
girls who were employed as dial painters pointed their brushes between their lips.
Minute amounts of radium and mesothorium were swallowed each time that a brush
was pointed. In the early 1920s, several women who had worked as dial painters
suffered degeneration of the jawbones and died from anemia. A dentist who was
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treating one of the dial painters suspected the occupational etiology of the disease.
Further investigation revealed more cases of bone damage, including osteogenic sar-
coma, and definitely established radium as the etiologic agent. Follow-up studies on
radium-dial painters and on patients who had received radium injections therapeu-
tically confirmed this finding. They also showed that radium is tenaciously retained
in the bones. Significant deposits of radium were found 25-35 years after exposure.
Further experimental work with laboratory animals revealed a number of “bone-
seeking” radioisotopes that produced the same type of damage as radium.

Radiostrontium and barium, as well as radium, are chemically similar to calcium
and are therefore incorporated into the mineral structure of the bone and into the
epiphysis. The bone-seeking rare-earth fission products, such as **Ce-1*Pr, also
tend to accumulate in the mineral structure. Plutonium is found to accumulate
in the periosteum, endosteum, and trabeculae of the bone. All bone seekers are
considered toxic because small amounts can damage the radiosensitive bone cells
and hemopoietic tissue in the bone marrow; all the bone seekers produce bone
cancer when they are injected into laboratory animals in sufficient quantity.

Lung Cancer

The susceptibility of the lung to radiation-induced carcinoma has been known for a
long time. As early as the sixteenth century, it was noted that a large proportion of
miners in the Schneeberg and Joachimsthal regions in the Carpathian Mountains
died from a lung disease that was called Bergkrankheit (miner’s disease). About 100
years ago, it was realized that Bergkrankheit was lung cancer. However, it was not until
1924 that the radioactive gas radon was thought to be the etiologic agent responsible
for the very high death rate from lung cancer. Although these mines were worked
for other minerals, mainly cobalt, the ground was particularly rich in uranium and
radium. As a consequence of the high radium content of the soil, radon gas, the
radioactive daughter of radium, is produced and diffuses out of the ground into
the air of the mine shafts, thus leading to a high concentration of radon and radon
daughters in the mine air. Itis estimated that the concentration of radon in the mine
air was on the order of 10 £Ci/m? (3.7 x 10° Bq/ms). This estimated concentration
may be compared to the 1000 Bq m~® maximum recommended by the International
Atomic Energy Agency. Although radon is a gas, its radioactive daughters (Table 4-3)
are particulate in nature and attach themselves to dust particles that are suspended
in the air. In the dusty atmosphere of mines, radon gas is usually in equilibrium with
its daughter RaA (?'8Po), while the concentrations of the three successive progeny—
RaB (?'"Pb), RaC (**Bi), and RaC’ (*"Po)—have been found to be present in the
mine air at about one-half the equilibrium value. There are high concentrations
of radon and its daughters in the uranium mines in the United States, Canada,
Australia, and France, in iron mines in Malmberget, Sweden, in tin mines in China,
and in fluorspar mines in Newfoundland. In all cases, high radon and radon progeny
were found to be associated with an increased incidence of lung cancer, as shown
in Table 7-11.The ERR was found to depend on several other factors, such as age at
exposure, attained age, exposure rate, and smoking habits, in addition to the total
dose. The unweighted mean ERR was found to be 1.19% per WLM, with a range
of 0.16-5.06% per WLM. The ICRP estimate the ERR to be 1 + 0.5% per WLM.
The WLM, or working level month, is a measure of exposure to airborne radon and
its daughters. Working level (WL) is a measure of the atmospheric concentration
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TABLE 7-11. Lung Cancer Among Miners Occupationally Exposed to Radon and
Radon Daughters

DATES OF PERSON-YRS MEAN LUNG CANCER ERR %
STUDY FOLLOW-UP AT RISK ¥WLM DEATHS PER \X/LM?
China 1976-1987 134,842 286.0 936 0.16 (0.1-0.2)
Czech Republic 1952-1990 102,650 196.8 701 0.34 (0.2-0.6)
Colorado 1950-1990 79,556 578.6 334 0.42 (0.3-0.7)
Ontario 1955-1986 300,608 31.0 285 0.89 (0.5-1.5)
Newfoundland 1950-1984 33,795 388.4 112 0.76 (0.4-1.3)
Sweden 1951-1991 32,452 80.6 79 0.95 (0.1-4.1)
New Mexico 1943-1985 46,800 10.9 68 1.72 (0.6-6.7)
Beaverlodge, Canada 1950-1980 67,080 21.2 56 2.21 (0.9-5.6)
Port Radium, Canada 1950-1980 30,454 243.0 39 0.19 (0.1-0.6)
Radium Hill, Australia 1948-1987 24,138 7.6 31 5.06 (1.0-12.2)
France 1948-1986 29,172 59.4 45 0.36 (0.0-1.2)

“Numbers in parentheses are 95% confidence intervals. Estimates are adjusted for age (all studies), other mine exposures (China,

Colorado, Ontario, New Mexico, and France), an indicator of Rn exposure (Beaverlodge), and ethnicity (New Mexico).

Abbreviations: WLM, working level month; ERR, excess relative risk.

Reprinted with permission from the National Academies Press from BEIR VI: Health Effects of Exposure to Radon. Washington, DC:

National Academies Press; 1999. Copyright (© 1999, National Academy of Sciences.

of radon and its progeny. One WL is defined as any combination of short-lived radon
daughters in 1 L of air that will result in the ultimate emission of 1.3 x 10° MeV of alpha
energy. This corresponds to an atmospheric concentration of 100 pCi of ?Rn per
liter (3700 Bq/ mg) in equilibrium with its daughters. One WLM is the exposure
resulting from inhalation of air with a 1-WL concentration for a period of 1 working
month (170 hours). An exposure of 1 WLM under conditions in a mine results in
an alpha dose to the lung of about 1200 mrads (12 mGy) to the critical target cells
in the lung.

When estimating the lung-cancer risk from inhaled radon daughters based on
data on uranium miners, it should be understood that the uranium miners had
been exposed to other noxious agents and potential carcinogens, such as diesel
engine exhaust and inhaled mine dust that contained uranium and other minerals,
including silica. These other agents, which may have contributed to the increased
lung-cancer incidence found among the uranium miners, were accounted for in
calculating the ERRs in Table 7-11.

Airborne radioactivity may be inhaled either as gaseous matter, soluble particles,
or relatively insoluble particles. Inhaled gas is assumed to be uniformly distributed
throughout the lung. The deposition of particles within the lung depends mainly
on the particle size of the dust, while the retention in the lung depends on the
physical and chemical properties of the dust as well as on the physiological status of
the lung. The radionuclide in an inhaled soluble particle may, after dissolving in the
lung, be absorbed into the body fluids and translocated to a tissue or organ where
it may be deposited. Depending on the chemical form of the inhaled radionuclide,
the radionuclide from the dissolved particle may also bind to the protein in the
lung. Relatively insoluble particles that are deposited in the upper respiratory tract
are rapidly cleared from the lung and swallowed. Those insoluble particles that are
deposited in the deep respiratory tract remain there for relatively long periods of
time and may subject the pulmonary tissue to a severe local radiation insult due to
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the very steep gradient of absorbed dose around a radioactive particle. Those cells
very close to the radioactive particles would be killed by the high radiation dose,
while those cells further away would get a sublethal dose, but a dose large enough
to initiate an oncogenic lesion. Numerous laboratory studies showed that this was
not the case. Particulate radioactivity in the lungs was found to be no greater hazard
than the same amount of radioactivity distributed throughout the lungs. Accordingly,
the lung models used for setting radiation safety standards for inhaled radioactivity,
including particulate matter, are based on mean doses to the radiosensitive tissues
in the respiratory tract.

Lung cancer is also associated with overexposure to external radiation. Among
4111 patients who had received X-ray therapy for ankylosing spondylitis, 88 deaths
from lung cancer were observed, while only 59 deaths were expected. A similar in-
crease in lung-cancer incidence was found among a very large population of women
who had undergone radiation therapy for cancer of the uterine cervix. An increased
incidence of lung cancer was also seen among the Japanese survivors of the nuclear
bombings who had been exposed to high doses of radiation. According to the data,
a dose of 1 Gy (100 rads) is estimated to increase the likelihood of dying from lung
cancer by about 32% for males and about 140% for females (Table 7-9).

Thyroid Cancer

Increased incidence rates of thyroid cancer in children and adolescents following
radiation overexposure have been well documented. An increased incidence rate was
seen among children who had been therapeutically treated with X-rays for enlarged
thymus glands, ringworm of the scalp, and acne. Radiogenic thyroid cancer was also
seen among children who had been overexposed to both internal radiation from
inhaled radionuclides of iodine and external radiation from the fallout from the
BRAVO nuclear bomb test in the Marshall Islands. Thyroid cancer was the first of
the solid tumors observed at a higher than expected incidence rate among Japanese
survivors of the nuclear bombings. In all these cases, the latency period between
exposure and the appearance of the excess thyroid cancers was measured in years.

A relatively large number of children were exposed to radioiodine in the fallout
from the nuclear weapons testing program in Nevada. A total of 1378 children
who had been exposed to the fallout were followed for 14 years, through 1971.
No difference was found between the thyroid cancer incidence rate of the exposed
children and that of unexposed controls. However, the data suggested a greater
incidence rate of other thyroid abnormalities in the exposed group than in the
control groups.

More recently, a sharp rise in the incidence rate of thyroid cancers was reported
among young people in the Ukraine following the Chernobyl nuclear power plant
disaster in April 1986. In 1986, only 15 confirmed thyroid cancers were reported
among Ukrainians who were 18 years of age or less at the time of the reactor accident.
In 1989, this figure increased to 36, and it reached 108 during 1992 and 101 in 1993.
In this case, there seems to be little doubt that the increased thyroid cancer incidence
rate is probably due to the exposure received as a result of the Chernobyl accident.

During the years 1944-1957, about 740,000 Ci (2.7 x 10'° Bq) '*'I were released
to the atmosphere at the Hanford Laboratories. A study of 3190 persons who had
been born during the years 1940-1946 were studied when they reached the ages
of 46-57. Most of them still resided in the Hanford region. The thyroid doses were
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estimated to range from 0.0008 mGy to 2842 mGy (0.08 mrad—284,200 mrads), with
amedian value of 104 mGy (10,400 mrads). The study was sensitive enough to detect,
at the 95% confidence level, a 2.5% per Gy increase in thyroid cancer, and a 5% per
Gy increase in benign nodules. However, the study found no relationship between
radiation dose and thyroid cancer or any other thyroid abnormality.

Epidemiologic studies on people who had received thyroid doses on the order of
0.5 Gy (50 rads) from diagnostic procedures using radioiodine showed no increased
thyroid cancer.

Risk Coefficient Estimates: BEIR VII

Standards that are used for risk management are set on the basis of the magnitude of
the risk. Public policy in managing potential risks from technological innovation is
often determined more by perceived risk than by the real risk. Asused in the common
vernacular, “risk” usually implies an immediate threat to life or limb. In the context
of health physics, the term “risk” refers to the probability of occurrence of a harmful
effect, and a risk coefficient is the numerical value for the probability of occurrence
of the harmful effect per unit dose. Not all harmful effects are equally harmful.
Those effects that lead to death are clearly more harmful than those that lead to a
manageable condition or to a curable illness (such as a cancer that is cured). For
this reason, the ICRP, in its Publication No. 60, introduced the concept of detriment.
The detriment is a coefficient that includes not only the probability of occurrence,
per unit dose, of the harmful effect, but also a weighting factor that represents the
severity of the effect. For the case of stochastic effects, the ICRP recommended the
nominal values listed in Table 7-12.

According to these ICRP risk estimates, the probability that a nuclear worker
whose mean dose over a 30-year working career was 300 mrems (3.0 mSv) per year,
for a total of 9000 mrems (90 mSv), will die from a radiogenic cancer after the end
of his career is

1 rem

1
5x 107* —— x 9 x 10° mrems x =45 x 1074,

rem 10® mrems

or 45 chances out of 10,000. This means that he increased his “normal” chance of
dying from cancer from about 24% by 0.45 percentage points.

In the case of risks from low-level exposure to ionizing radiation, the stochastic
nature of the adverse effects of exposure, together with their extremely low proba-
bility of occurrence, implies that the magnitude of the risk and the calculation of the

TABLE 7-12. Nominal Probability Coefficients for Stochastic Effects
DETRIMENT (x 10~2Sv~")

EXPOSED Fatal Nonfatal Severe Hereditary
POPULATION Cancer Cancer Effects Total
Adult workers 4.0 0.8 0.8 5.6
Entire population 5.0 1.0 1.3 7.3

Reproduced with permission from ICRP Publication 60. 1990 Recommendations of the International Commission on
Radiological Protection. Ann ICRP. 1991; 21(1-3):22. Copyright © 1991 International Commission on Radiological
Protection.
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associated risk coefficients can be determined only by epidemiological studies, that
is, findings from observations of very large population groups that had been exposed
to the study agent in comparison to similar studies on a population group that had
not been exposed. The ICRP recommendations are based mainly on studies made
on the survivors of the atomic bombings in Japan. The U.S. National Academy of
Sciences Committee in the Biological Effects of Ionizing Radiation (BEIR commit-
tee) reported on the health effects of low-level ionizing radiation. The Committee
reviewed the latest findings from the survivors of the Japanese bombings as well as
studies on radiation workers, persons who had been treated medically with radia-
tion, populations living in high-background areas, and relevant laboratory studies,
and presented its conclusions in what is known as the BEIR VII Report, Health Risks
From Exposure to Low Levels of lonizing Radiation (2005).

In the BEIR VII report, which deals with somatic effects—mainly cancer—and
genetic effects of low-level radiation exposure, the committee members agreed on
the dose-response relationship at doses on the order of 0.1 Gy (10 rads) or more
delivered at high dose rates. They also found that health effects from low doses
would be difficult to evaluate because the “noise” from other factors would impose
statistical limitations that would make it difficult to separate radiogenic effects from
spontaneous effects. Therefore, estimates of risk coefficients must be made from
interpolations, based on a suitable dose-response model, between zero dose and
the lowest dose at which the effect has been seen.

The functional form of a generalized dose-response curve (Fig. 7-16) is

F(D) = (ap + a1 D + g D?) e THP=FDY) (7.10)

where F' (D) is the incidence rate of the effect under consideration (e.g., cancer) at
dose Dj; o, ay, oo, B, and By have positive values; and «y is the “spontaneous” or
“natural” incidence rate of the effect. 1 and B9 are significant only at high doses.
Depending on which of these coefficients becomes insignificant, the generalized
curve reduces to the three simple curves shown in Figure 7-16—namely the linear,
the pure quadratic, and the linear—quadratic curves.

Cancer Risk Estimates

In estimating the risk of radiogenic cancers, the committee found that the data
supported a dose-related increase in the relative risk of a radiogenic cancer. Despite
this relationship, the available empirical data did not allow the committee to choose
decisively among the several dose-response models shown in Figure 7-16. However,
the BEIR VII committee found that for all cancers except leukemia and also for
the genetic effects observed in laboratory studies, the data were not incompatible
with the LNT model. The committee concluded that “the current scientific evidence
is consistent with the hypothesis that there is a linear, no-threshold dose-response
relationship between exposure to ionizing radiation and the development of cancer
in humans.” (Note that this conclusion does not agree with that in the French Joint
Report, which was discussed earlier in this chapter.) The LNT model, therefore, was
chosen as the basis for estimating the risk coefficients for solid tumors from low-dose
radiation. The linear—quadratic model was chosen for estimating risk coefficients for
leukemia. Using these models, together with modifying factors to account for age and
sex (these modifying factors are described in the BEIR VII report), the committee
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TABLE 7-13. BEIR VIl Committee’s Estimates of Lifetime Excess Cancer (Solid Cancers and
Leukemia) Mortality per 100,000 Exposed Persons of Same Age and Sex distribution as the
U.S. Population

EXCESS CANCER MORTALITY

DOSE SCENARIO Number Percent
0.1 Gy (10 rads) acute dose 572 2.8
1 mGy/yr (100 mrads/yr) continuous exposure 416 2.0
10 mGy/yr (1 rad/yr) continuous exposure over 2048 10.0

working lifetime, 18-65 yrs of age

Adapted from BEIR VII: Health Risks from Exposure to Low Levels of lonizing Radiation. Washington, DC: National
Academies Press; 2005.

estimated the number of increased cancer deaths in a population of 100,000 whose
age and sex distribution is representative of the U.S. population, if everyone were to
receive a radiation dose of 0.1 Gy (10 rads) (Table 7-13).

There is a good deal of uncertainty in the estimation of risk coefficients for low-
levelirradiation. One source of these uncertainties is the statistical uncertainty in the
collection of data and the estimation of modeling parameters. Statistical uncertainty
is quantified by the mathematical statement of the confidence interval and accord-
ingly is easily dealt with. The second major source of uncertainty is based on our
limited knowledge of carcinogenic mechanisms and therefore of which of the pos-
tulated dose-response models most accurately represents the actual dose-response
situation. In regard to this second source of uncertainty and effects at very low doses,
the BEIR V committee said the following:

“Derivation of risk estimates for low doses and low dose rates through the use of any type
of risk model involves assumptions that remain to be validated . . . . Epidemiological data
cannot rigorously exclude the existence of a threshold in the millisievert (hundreds of
millirems) dose range. Thus, the possibility that there may be no risks from exposures
comparable to the external natural background radiation cannot be ruled out. . .. The
lower limit of the range of uncertainty in the risk estimates extends to zero.”

With these caveats in mind, the BEIR VII committee calculated the excess cancer
mortality for three different scenarios: a single exposure to 10 rems (0.1 Sv), contin-
uous exposure to 100 mrems/yr (1 mSv/yr), and continuous occupational exposure
to 1 rem/yr (10 mSv/yr) over a working lifetime from 18 to 65 years of age. The
results of these calculations are given in Table 7-13.

We can estimate the crude cancer risk per centisievert (rem) from the can-
cer mortality data on the life span study cohort of nuclear bomb survivors (Table
7-14). The doses to the members of the cohort are reasonably well-known, and their
collective dose is 1.11 x 10° person-cSv (person-rems). The crude cancer risk per
centisievert (rem) can be calculated from these data.

For low and for protracted doses, the committee applied a dose and dose-rate
effectiveness factor of 1.5. Therefore, the crude (without consideration of age at
exposure and sex) cancer risk coefficient is estimated:

491 fatal cancers

5 =3 x 10~* fatal cancer per cSv.
1.1 x 10” person-cSv x 1.5
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TABLE 7-14. Mortality Experience of Life-Span Study Cohort of Nuclear Bombing Survivors

STUDY GROUP NUMBER NUMBER OF DEATHS RATE (%)
Cancer deaths
Exposed population 49,114 5502 11.2
Control population 37,458 3833 10.2
Excess deaths (0.112-0.102) x 49,114 =491
Noncancer deaths
Exposed population 18,049 36.8
Control population 13,832 36.9

Adapted from BEIR VII: Health Risks from Exposure to Low Levels of lonizing Radiation. Washington, DC: National
Academies Press; 2005.

Genetic Risk Estimates

Estimates of genetic-risk coefficients were based entirely on the results of animal stud-
ies, since no radiation-induced genetic effects in humans have ever been observed.
Risk coefficients are estimated by the doubling dose method. Radiation-induced muta-
tion rates observed in animal experiments are compared with spontaneous rates of
genetic disorders in people, and the dose needed to double that spontaneous rate
is calculated from the experimental data. The BEIR VII committee estimate of the
doubling dose is 0.82 £ 0.29 Gy (82 % 29 rads), and recommends that we use 1 Gy
(100 rads), which corresponds to risk of 0.41-0.64 per million progeny per Gy (0.41 x
1078-0.64 x 1078 rad™!) in the first generation. The new equilibrium, at double the
present mutation rate, is attained only after many generations, perhaps as many as
10 generations, who have had the gonads of the breeding population irradiated with
the doubling dose. Presently, the incidence rate (spontaneous and from causes other
than the additional radiation) of human genetic disorders is approximately 88,000
per million live births.

Quality Factor and Radiation Weighting Factor

Not only have neutrons been found more effective than X-rays in producing
cataracts, but alpha radiation too has been found to be more toxic per unit ab-
sorbed dose than beta or gamma radiation. In comparing the relative toxicity or
damage-producing potential of a given absorbed dose of various radiations, it has
been found that the higher the rate of LET of the radiation, the more effective it is
in producing biological damage. The ratio of the amount of energy from 200-keV
X-rays required to produce a given biological effect to the amount of energy from
any other radiation to produce the same effect is called the relative biological effective-
ness (RBE) of that radiation. The RBE of any specific radiation depends on the exact
biological effect on a given species of organism under a specific set of experimental
conditions. For example, the RBE for 14-MeV neutrons for killing American cock-
roach embryos is 16, since the lethal dose from the neutrons is only one-sixteenth
that from X-rays. For lethality in rats, on the other hand, the RBE of fast neutrons is
only about 2. The term “RBE” is thus restricted in application to radiobiology.

For health physics purposes, a conservative upper limit of the RBE for the biolog-
ical effect of greatest interest to humans due to a radiation other than the reference
X-rays is used as a normalizing factor in adding doses from different radiations. This
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TABLE 7-15. Quality (Q) and Radiation Weighting Factors (wr) for Various Radiations

RADIATION Q WR

X, gamma, beta—all energies 1 1

Neutrons
Thermal 2 5
0.01 MeV 2.5 10
0.1 MeV 7.5 10
0.5 MeV 11 20
>0.1-2 MeV 20
>2-20 MeV 10
>20 MeV 5
Unknown energy 10

High-energy protons 10 5

Alpha particles, fission fragments, heavy nuclei 20 20

Q: Adapted from NRC Regulations (10 CFR Part 20).
Wr: Adapted with permission from ICRP Publication 92. Anr /ICRP. 2003;33(4):1-121. Copyright (© 2003 International
Commission on Radiological Protection.

normalizing factor is called the quality factor and is symbolized by the letter Q by the
U.S. Nuclear Regulatory Commission (NRC). The ICRP renamed the quality factor
the radiation weighting factor, symbolized by wg. Values assigned to Q by the NRC and
to wyg by the ICRP are given in Table 7-15.

RADIATION-WEIGHTED DOSE UNITS: THE SIEVERT AND THE REM

Radiation-weighted dose units are used for radiation safety purposes, radiological-
engineering design criteria, and regulatory and administrative purposes. The ICRP
calls its unit of radiation-weighted dose the equivalent dose, symbolized by the letter
H, and has named it the Sievert (Sv). All its recommendations for dose limits are in
units of sieverts. The equivalent dose Hr, Sy, in tissue or organ 7, is defined by the
ICRP as

HT = Z wWR X DT,Rs (7.11)
R

where Dt is the absorbed dose, expressed as grays, averaged over the tissue or
organ T, due to radiation R. If the organ or tissue is irradiated by only one type of
radiation, then Eq. (7.11) reduces to

HT = WR X DT. (7.12)

According to Eq. (7.12) and the values for wg in Table 7-13, an absorbed dose of 1
mGy of X-, beta, or gamma radiation corresponds to an equivalent dose of 1 mSy,
while an absorbed dose of 1 mGy of 5 MeV neutrons gives an equivalent dose of
10 mSv. Dose limits—the maximum allowable radiation dose—are expressed in the
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SI system as sieverts or millisieverts. The use of the equivalent dose in routine health
physics practice is illustrated in the example below:

\%@

EXAMPLE 7.2

The dose rates outside the shielding of a cyclotron are found to be 5 uGy/h

0.5

mrad/h) for gammas, 2 uGy/h (0.2 mrad/h) for thermal neutrons, and

1 nGy/h (0.1 mrad/h) for fast neutrons with energies greater than 2 MeV. What is

the

equivalent dose rate of the combined radiations according to the ICRP values

for wg?

Solution

If we multiply the absorbed dose rate by the appropriate radiation weighting
factor, as shown in the table below, and sum the products, we find the equivalent
dose rate to be 25 uSv/h.

Dx wp=H
Gamma rays 5 uGy/hx1 =5 uSv/h
Thermal neutrons 2 nGy/hx5 =10 uSv/h
Fast neutrons 1 nGy/hx10 = 10 uSv/h

Equivalent dose rate, H = 25uSv/h

The U.S. NRC, whose regulations are written in the traditional radiation units,
refers to the radiation-weighted unit as the dose equivalent, also symbolized by the
letter H, and calls it by its traditional name, the rem. In traditional units, where the
dose is expressed in rads, the dose equivalent Hy to a tissue or organ T, that receives
a dose of Dt rads from a radiation whose quality factor is Qg is defined as

Hrp(rems) = Dy (rads) x Og. (7.13)

To avoid unnecessary words when the context is used is clear, we frequently use the
generic term dose when we refer to the radiation-weighted dose.

SUMMARY

Although it is widely believed by the lay public that relatively little is known about
the biological effects of radiation, we probably know more about radiation bio-
effects than the effects of most other noxious agents in our environment. Sources of
information include studies of large populations who were exposed either occupa-
tionally or medically, atomic bomb victims and survivors, persons who were exposed
as a result of accidents, and populations who were exposed to natural radiation as a
result of living in regions of high background radiation.
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Generally, radiation bioeffects fall into one of two categories: deterministic effects
and stochastic effects. Deterministic effects result from exposure to very large doses
of radiation. These effects have a threshold dose and their severity increases with
increasing dose. Examples are the acute radiation syndromes that have a threshold
in the range of 1-2 Gy (100-200 rads) whole-body X- or gamma radiation, skin burns
in the range of 2-3 Gy (200-300 rads), and skin ulceration in the range of 20 Gy
(2000 rads). The LDs0/60-day dose for whole-body X- or gamma radiation is believed
to lie in the range of 3—4 Gy (300-400 rads). Deterministic effects are clearly and
unequivocally causally associated with the radiation exposure.

Stochastic effects occur by chance and are seen in unexposed individuals as well
asin exposed individuals and therefore are not unequivocally associated with a radia-
tion exposure. Stochastic effects include cancer and genetic mutations. Exposure to
radiation increases the probability of a stochastic effect, and this probability increases
with increasing dose. Whereas increased incidence of cancer has been documented
among certain heavily exposed populations—such as the early radiologists, atomic
bomb survivors, and patients who had received radiotherapy—no increased inci-
dence of heritable changes has ever been observed among any human population
exposed at any dose.

The stochastic effects, either in humans or in animals, that have been observed are
no differentin kind from those observed in unirradiated populations. The difference
lies only in the frequency of occurrence. Thus, it is impossible for even the most
highly skilled pathologist to definitely attribute any cancer in an exposed individual
to the exposure. The only thing that can be done is to estimate the probability—
based on the patient’s exposure history—that the cancer can be attributed to the
radiation exposure. Of the several possible models that have been postulated to infer
the stochastic effects of low doses from high-dose cases, the zero-threshold, linear
dose-response relationship, because it is believed to be the most conservative of all
the proposed models, was chosen as the basis for setting radiation safety standards.

This brief overview shows that we know enough about the biomedical effects
of radiation to enable us to set radiation safety standards with a very high level
of confidence that adherence to these safety standards will allow the safe use of
radiation and its sources.
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