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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 pub-
lisher of this work have checked with sources believed to be reliable in their efforts to provide
information that is complete and generally 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, neither the author 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 confirm the information contained herein with other sources.
For example and in particular, readers are advised to check the product information sheet
included in the package of each drug they plan to administer to be certain that the informa-
tion contained in this work is accurate and that changes have not been made in the rec-
ommended dose or in the contraindications for administration. This recommendation is of
particular importance in connection with new or infrequently used drugs.
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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 methodology, 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 fifth edition.

Since their inception in 1928, the Recommendations of the International Commission
on Radiological Protection have formed the scientific basis for ionizing radiation safety
standards issued by regulatory authorities throughout the world. Generally, earlier recom-
mendations were successively more restrictive than the previous ones. The 2008 and 2015
recommendations, however, are essentially the same as the previous recommendations
made in 1990. The main difference is that the 2008 and 2015 recommendations are made
on the basis of the increased knowledge acquired since 1990 and for the first time, environ-
mental protection is explicitly addressed. 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 standards. 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,
therefore, that is 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 Labo-
ratory, 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 nuclear 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 mat-
ter how small the calculated chance of occurrence. However, quantitative risk assessment is
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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 uncertainties, 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 to provide the technical background needed to understand the calculation and
use of quantitative risk assessment for radiation hazards in order to help us 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 SI units has not yet been universally implemented in the United States. 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 also owe a debt of gratitude to Herman Cember, for allowing me to be a part of this
book. I wish to thank Alex Brandl, Sanaz Hariri Tabrizi, Yuanlin Peng, and the many per-
sons, too numerous to mention by name, for their helpful suggestions.

Thomas E. Johnson



Health physics, radiation protection, radiological health, radiation safety, and radiological
engineering are synonymous terms for the 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 radiation to individuals, to population groups, and to the bio-
sphere. 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 is minimized and is at all times within accept-
able 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 textbook 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 radioactive materials,
(2) the establishment of quantitative relationships between radiation exposure and biologi-
cal 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, industrial 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 competent
in 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 addi-
tion to these general prerequisites, the health physicist must be technically competent in the
subject matter unique to health physics.
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The main purpose of this book is to lay the groundwork for attaining technical com-
petency in health physics. Radiation safety standards undergo continuing 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 environmental health as
well as to those who will use radiation as a tool. For the latter group, it is also hoped that
this book will impart an appreciation for radiation safety as well as an understanding of the
philosophy of environmental health.



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. The Health Physics Society
defines health physics as “The science concerned with the recognition, evaluation, and con-
trol of health hazards to permit the safe use and application of ionizing radiation.” Quite
clearly, the organization of health physics 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 comparisons
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 the result is given, for example,
as 70 inches (in.) if the Imperial system of units is used or as 177.8 centimeters (cm) if the
metric system is used. The units inches in the first case and centimefers in the second case 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 imperial system of units
(now U.S. customary units) is used chiefly in engineering, while the metric system is widely
used in science.

The International Vocabulary of Metrology defines a quantity as “property of a phenom-
enon, body or substance where the property has a magnitude that can be expressed as a
number and a reference” The magnitude of the physical quantity is a numerical value, and
the reference or standard will be the measurement unit, measurement procedure, or refer-
ence material. In the imperial 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,

3



4 CHAPTER2

while the metric system is divided into two subsystems: the mks, in which the three quan-
tities 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 has been replaced by the Systéme
International, the International System of Units, or simply the SI system. Although many
familiar metric units are employed in SI, it should be emphasized that SI is a new sys-
tem and must not be thought of as a new form of the metric system. The International
System of Quantities (ISQ, ISO/IEC 80000) has a set of seven base quantities from which
all other quantities in the SI system are derived. All the other units such as force, energy,
power, and so on are derived from the basic units of length (meter), mass (kilogram), time
(second), electric current (ampere), thermodynamic temperature (Kelvin or Celsius),
amount of substance (mole), and luminous intensity (candela). Measurement units are real
scalar quantities that can be expressed in base units or derived units. Every measurement
has an uncertainty associated with it, although it may or may not be given in all situations.
Chapter 9 will discuss uncertainty, which for simplicity will be omitted in most calculations.

The basic unit for length, the meter, is also used for determining parameters such as dis-
placement. Displacement is the change in position from one point, x,, to another, x,:

Ax=x —x, 1)

Displacement (Ax) over a time interval (Af) expresses the average velocity (v,,,) in units of
meters per second:

X% —ﬁ—v
t—t, A %

where velocity is a vector with magnitude (speed) and direction. Speed is simply the total
distance covered in a time interval, and the instantaneous speed (or velocity) is given by

T X
7= lim =~ = E
A-OAL  dt
The rate of change of velocity with time is acceleration, and utilizes units of meters per

second per second (m-s—2):

*“g:&; and azd—v
t t
a_ﬁ_g[g] d'x
t deldt) dt?

Deceleration will produce negative values for acceleration.
The derived 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, the result is Newton’s Second Law:

Force = mass x acceleration,
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that is,
F  =ma, (2.2)

where the net force on a body is the vector sum of all forces on that body.
The units associated with force in newtons are
- m/s
F=kg- —'!
s
Since dimensions may be treated algebraically in the same way as numbers, the dimension
for acceleration is written as m/s. The units for force in units of newton (N), therefore, are

kg-m
g

N=

The unit of force in the cgs system is called the dyne (1 dyne = 10->N). A dyne is defined
as the force required to accelerate one gram at a rate of one centimeter per second squared.
Although all health physics measurements are readily expressed in SI units, the U.S. Nuclear
Regulatory Commission continues to use the traditional cgs units in its regulatory activities
and cgs units will occasionally be utilized to illustrate various concepts throughout the text.

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 x:

w= [Fdx. (2.3)

In the SI system, the joule (J) (named after the British scientist who measured the mechan-
ical 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
units for work and energy are as follows:

Joule = newton - meter =

keg-m kg -m?
g, ol

s

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 = 107 ergs.

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 (eV) is used.
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The electron volt is a unit of energy and is defined as follows:
leV=16%10"°]= 1.6 x 10 2erg,

When work is done on a body, the energy expended in doing the work is added to the
energy of the body. The energy expended when work (W) is done to accelerate a body
appears as kinetic energy in the moving body.

w= [F.di= [Fi-dt= [v-dp= [7-d(m-7) (2.4)
Assuming that the mass, m, is constant,
I | ~oy 1 1
Wszv-d(v)ZEmfd(v-v]:Emfdvz:Emvz. (2.5)

Kinetic energy (E,) is defined as the energy possessed by a moving body as a result of its
motion, or the work done accelerating an object.

W=AE, =E

w E

" (2.6)

When the body is initially at rest, E, ;= 0, and bodies of constant mass m, moving “slowly”
with a velocity v less than about 3 x 107 m/s, the kinetic energy, E,, is given by

1
e :W:Emvz. (2.7)

Potential energy is defined as energy that a body possesses by virtue of its position in
a force field. 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, multi-
plied by the height through which the mass was raised.

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 (E):

AE,=-w= [Fdx. (2.8)
The total energy of the body is equal to the sum of its potential energy and its kinetic
energy:
e (29)

assuming no external forces act on the system, and there are no internal forces (such as fric-
tion). The total energy, E, of a system can only change by the amount of energy transferred
to or from the system.

W=AE,+AE, +AE, .+ AE,

internal

(2.10)
For an isolated system,

AE=AE,+ AE + AEy . +AE, =0 2.11)
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When the speed of a moving body increases beyond about 3 x 107 m/s, we observe inter-
esting changes in their behavior—changes that were explained by Albert Einstein.

RELATIVISTIC EFFECTS REVIEW

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 10~ kg,
where distances are measured on the order of 10~1° m, and where velocities are measured in
terms of the velocity of light, classical mechanics is not applicable. Albert Einstein’s special
theory of relativity provides us with an explanation for these circumstances.
There are three main postulates of Einstein’s special theory of relativity:

1. The velocity of light in a vacuum is constant at 299,792,458 m/s (for practical purposes,
a value of 3.00 x 10% is used) relative to every observer in any reference frame.

2. 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. Photons travel at the speed of light in
a vacuum and in all inertial reference frames, as they have no mass.

3. The physics are the same for observers within the all inertial reference frames. Classi-
cal mechanics, optics, and other physics basics remain the same for all observers within
any inertial reference frame. Making measurements from different frames of reference
requires us to consider relativity.

Although the laws of physics are the same for all observers in inertial reference frames,
measured values may not be the same for all observers. For example, time intervals as mea-
sured in two reference frames will depend on both space and time separation. For example,
the observer of a person moving at a velocity close to the speed of light will measure a time
“dilation.” The time interval, ¢, observed in the moving frame (from the point of view of the
stationary observer) will be longer than the time interval observed by that observer in his/
her resting frame (t). The time dilation, ¢, can be calculated using the following equations:

At =—1 At (2.122)

)
c2

‘When the following are substituted:
2

F==, (2.13)
C

1 1
,},:J ey (2.14)
1__

CZ

we obtain the following equation:

Af = yAt. (2.12b)
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EXAMPLE 2-1(a)

If the mean life (f) of a muon is 2.2 x 10~ seconds, with a velocity of 99.88% of the speed of
light, what would the mean life (t') appear to be from a person in the rest frame?

Solution

Substituting values into Eqs. (2.14) and (2.12b),

AY =~ AL,
1 1
fy: = :20 5
JI_F] J1—(0.9988)*
E:

A¥ =20.42 % (2.2% 1065) = 4.49x 10~ s.

Not only can time dilation be observed between two reference frames, but also the length
of a path in the resting frame (rest length L) will be longer than length measured in the mov-
ing frame (L') along the direction of movement. This follows directly from time dilation.
For the classical case, the length L traveled can be found by

L=v- At (2.15a)

To find the length traveled in the moving frame, L, the previous reasoning on time dila-
tion has to be reversed. The “observer” now appears in the moving frame, but the proper
length (L) is measured in the stationary frame which now moves (in the opposite direction)
with respect to that observer. The stationary observer measures both the proper time and
the proper length, such that the moving observer consequently has to experience a prop-
erly contracted time interval. Effectively, the indices between the two reference frames have
switched, such that now Eq. (2.12b) changes, and is rewritten as

At=~At. (2.12¢)
The length traveled in the moving frame then becomes

L' =v-AF. (215]:)}

Solving the above equation for At and substituting in Eq. (2.12¢) for the moving frame

of reference:

L’:v-At’:vEZE, (2.15¢)

¥ A
L=~-1, (2.15d)

where v > 1, L > I, as the distance traveled must be longer in the rest frame.
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EXAMPLE 2-1(b)

Find the distance that the muon in Example 2.1(a) travels in the rest frame, L. Note that
the muon experiences the mean life in its rest frame (which in this example is the moving
frame). The indices on t and ¢ are reversed.

Solution
From Example 2.1(a)
v=20.42,
At = 2.2 x 10~%s (mean life that the muon experiences).
Combining Egs. (2.15b) and (2.15d),
L'=v-At,
L=v-L'=~v-v.-Af,

L=2042 -[0.9988 3x10° 2| 22x10% s,
S

L=135x10"m.

The distance we would “expect” the muon to travel with nonrelativistic effects would be
20.42 times less than what we actually observe.

Velocity transformation follows, where u is the rest frame velocity, #/ is the velocity in the
primed reference frame, and the primed reference frame is moving at velocity v with respect
to the rest frame:

!
u= “77”; (2.16)
1+u —]
[ &
Relativistic momentum can thus be found by
p="ymv, (2.17)
and acceleration (note that acceleration decreases with increasing velocity) by
3\3/2
a :E{l—u—z] : (2.18)
m{ ¢

The equivalence of mass and energy is one of the most important consequences of Einstein’s
special theory of relativity. According to Einstein, the relationship between mass and energy is

E=mc, (2.19)

where E is the total energy of a piece of matter whose mass is m and c is the velocity of light
in vacuum. Note that mc? is independent of velocity and is frequently referred to as “rest



