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Preface

This book is an outgrowth of a course on radiation safety aimed at technicians
responsible for conducting maintenance on baggage x-ray inspection systems
used in federally operated facilities. The need for a single reference book
became apparent to the instructor in 1984. In an effort to provide a cohesive
development of the subject, a set of lecture notes was prepared and revised
annually since 1984, from which this book has evolved.

This book is intended to present concepts necessary for an elementary but
comprehensive knowledge of radiation safety. While some material coverage
may appear somewhat detailed, it is a deliberate attempt to strengthen areas
of demonstrated weaknesses observed in course attenders and to provide
guidance on the numerous questions about man-made radiation asked by
course attenders over the years. Numerical examples are included in most
chapters for clarity and ease of understanding. The problems given at the end
of most chapters provide the reader with the opportunity of applying the
material presented in the chapters to situations of practical interest. It is
important that these problems be considered an integral part of the course and
students attempt to solve them.

It is assumed that the reader is technically oriented and has at least taken basic
mathematics and physics courses at the high school level. Depending upon the
technical and academic background of students using the book, an instructor
can vary the depth and coverage of the material to suit the level of interest
and confidence of the class.

It is sincerely hoped that this book will make a genuine contribution toward
helping users of ionizing radiation sources conduct their duties in a manner
that reduces the risk of radiation injury, while allaying fears and
misconceptions about the ongoing beneficial uses of man-made radiation.

Acknowledgements are extended to Dr. J.J. Battista (Chief Physicist, London
(Ontario) Regional Cancer Centre); Dr. G. Catton (Medical Advisor, Bureau
of Radiation Protection); Dr. J. Daka (Research Scientist, Bureau of Medical
Devices), and Dr. J.R. Cunningham (Professor (retired), Department of
Medical Biophysics, University of Toronto, Canada) for their constructive
criticisms, suggestions and review of the manuscript. The comments and
suggestions of course attenders are also appreciated.

H.P. Maharaj, Physicist
Bureau of Radiation Protection
Health Canada
Ottawa, Canada
May 1994
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Chapter 1

Radiation Sources

1.1 Introduction

Radiation is a transport of energy through space and matter. It is ubiquitous in our
environment, affects our daily lives, and can be both beneficial and harmful. For example,
heat provides warmth but at high levels can cause burns; visible light is needed to see
things, but a sudden intense flash can cause blindness; and, ultraviolet light provides a tan,
but can cause skin burns or even promote skin cancer. These examples are electromagnetic
radiations, that is, they can be considered as waves travelling at the speed of light in a
vacuum, and they make up portions of the electromagnetic spectrum (Table 2-1). Such
radiations are associated with having low energies, transfer their energies to atoms and
molecules by excitation interactions, and are called non-ionizing radiations.

There is, however, another type of radiation that has higher energies and transfer energy
by dislodging electrons from atoms. Such radiations are called ionizing radiations of which
x- and gamma rays are examples. Ionizing radiation originates from natural and man-made
sources. Natural sources include the sun (which emits cosmic particles), the earth (which
contains radioactive elements typically arising from thorium and uranium series in the soil
and rocks), and radionuclides (e.g. radiopotassium and radiocarbon) deposited in the human
body. Even food, drinking water and air, which are necessary for life, contain traces of
radionuclides. Collectively, these sources contribute radiation exposure to mankind and are
called natural background radiation. It should be noted that the natural background
radiation varies from one place to the next.

1.2 Perspectives on Man-made Radiation Sources

Man-made sources of ionizing radiation developed as a result of two important discoveries
toward the latter years of the nineteenth century. First, x-rays were discovered by Wilhelm
Roentgen in 1895, and second, radioactivity was discovered by Henri Becquerel in 1896.
Shortly after these discoveries, there was widespread and unrestrained use, more so with
x-rays than with radioactivity and inevitably there were injuries. Hence, the biological risks
associated with these ionizing radiations were realised and efforts were made to reduce the
risks.

To date, man-made sources of ionizing radiation are utilized in medicine, consumer
applications and products, and industry. In medicine, x-ray machines are used primarily for
performing diagnostic examinations, radionuclides are administered internally for patient
diagnosis in nuclear medicine, and both high energy x-ray machines and radionuclides are
used for the treatment of certain diseases (e.g. cancer). Medical radiation is perceived by
its recipient as beneficial and is well integrated in modern medicine.
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One of the most important industrial applications of naturally occurring radionuclides in
developed countries is nuclear power generation. The nuclear fuel cycle presents potential
for radiation exposure: (1) in the mining and processing operations of the raw materials;
(2) in the fission reaction, which is the splitting of the nucleus of the fuel atoms to produce
the heat necessary for the generation of electricity as well as a large number of highly
radioactive fission products; and (3) in the storage of waste that is primarily long-lived
radionuclides and that must be prevented from entering the biosphere for the protection of
both present and future generations.

While the benefits accruing from the electricity so produced are well recognized and
accepted by the consumer, the situation is not the same (especially in North America) for
food irradiation. In this process, a large variety of foods (e.g. fruits, spices, meat, poultry)
is irradiated to high doses of the order of kilogray (kGy) (§4.3) using high energy electrons
(< 2 MeV) or gamma-emitting radionuclides (e.g. Cobalt-60) in order to potentially
increase food shelf life and protect against harmful microorganisms. In this application, a
safe and available food supply is assured.

Watches, clocks and smoke detectors utilize small quantities of a radionuclide in their
design. For example, radium-226, once used for illumination purposes in watches and
clocks, is rapidly being replaced by tritium (a radioactive isotope of hydrogen) and
promethium-147. Americium-241 is used in smoke detectors to provide the necessary
ionization of air between two electrodes that, under the influence of a small potential,
causes a current flow in the air space. When the current flow changes because of the
passage of smoke, an alarm in the smoke detector is triggered.

Machines that employ an x-ray tube as the source of ionizing radiation are used in non-
destructing industrial testing and baggage inspections. There are also items that do not
employ x-ray tubes in their design, but have the potential to generate x-rays (e.g. television
sets and computer monitors) and that are used voluntarily by a larger population group.

Thus, man-made radiation sources are clearly beneficial for some applications, while in
other cases, the benefits are indirect or perceived.

1.3 Radiation Contribution from Natural and Man-made Sources

The relative radiation contributions from natural and man-made sources to the average U.S.
population are shown in Table 1-1. The rem is a unit of dose equivalent and 1 rem = 0.01
Sievert; the rem is numerically equal to the absorbed dose in rads multiplied by a factor
weighted for the relative biological effect of the radiation on the tissue being exposed, and
the factor for x- and gamma rays is one (Chapter 4). Natural sources account for about
82% of the exposure and man-made radiations contribute 18% (NRC 1990). Among the
natural sources, radon, the radioactive gas produced when an atom of radium-226 decays,
accounts for approximately 55% of the annual effective dose equivalent (§4.3) to a member
of the U.S. population. This contribution is about a factor of 2 higher than the combined
contribution (27%) from cosmic, terrestrial and internal sources. The radon contribution
was relatively underscored until such data became available in the early 1980s. Of the
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man-made radiation sources, medical radiation contributions (15%) exceed those from
consumer products (3%) and other sources (<1%). It is interesting to point out that
occupational exposures, nuclear fuel cycle operations, and fallout sources contribute
negligibly. Figures for Canada are not expected to deviate markedly from the U.S. data.

Fallout is due to atomic weapons testing carried out from 1945 to the late 1980s with peak
periods having occurred in 1957-1958 and 1961-1962. These tests produced several
hundred radionuclides, of which only four are of concern to present and future generations:
Carbon-14, half-life 5736 years; Cesium-137, half-life 30.1 years; Strontium-90, half-life
28.5 years; and Tritium, half-life 12.35 years. The half-life is the time taken for a
radionuclide to reduce its initial number of radioactive atoms to one half.

Traditionally, occupational exposures meant individuals exposed to man-made radiation
sources in the course of their work. There is emerging evidence that suggests natural
sources could increase exposures to certain individuals not directly working with radiation
at levels beyond those encountered in traditional occupational groups: 1) airline crews
flying at high altitudes are subject to increased cosmic radiation levels; and 2) occupants
of buildings in which radon levels are higher indoors than outdoors. For these two distinct
public groups, there is apparently an increased risk, and while no universal standards
currently exist, the prudent measure would be to adopt an approach that reduces that risk.

Clearly, the radiation environment of today is more complex and variable than before. It
is now gradually being recognized that natural radiation can affect certain groups of
individuals. Man-made radiation is perceived to result in direct and indirect benefits to
mankind. Radiation is thus part of life, and we must learn to live with it at a risk level
comparable to risks associated with other routine human activities. The reduction of
ionizing radiation risks is an important concern, in view of the lower radiation limits
recently proposed by the ICRP for radiation workers and the public (ICRP 1991). While
the solution is not simple, economic feasibility and practicality within social risk
judgements are key factors to be considered.

In order to better address that concern and assist in making reasonable value judgement
decisions, the material presented in this and subsequent chapters provides the reader with
a basic knowledge and understanding of ionizing radiation from one type of man-made
radiation source. While specific reference is made to baggage x-ray inspection systems, the
material can also be applied to industrial x-ray generating equipment. Individuals interested
in expanding their knowledge of x-rays may find parts of this book helpful.
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Table 1-1: Average annual dose equivalent and effective dose
man-made radiation sources

Source

Natural
Radon
Cosmic
Terrestrial
Internal

Total natural

Man-made
Medical x-rays
Nuclear medicine
Consumer products

Total man-made

Other
Occupational
Nuclear fuel cycle
Fallout
Miscellaneous0

Total natural and
man-made

Dose

mSv

24
0.27
0.28
0.39

-

0.39
0.14
0.10

-

0.009
<0.01
<0.01
<0.01

_

to a member of the U.

equivalent"

mrem

2400
27
28
39

-

39
14
10

-

0.9
<1.0
<1.0
<1.0

equivalent from natural and
S. population

Effective dose

mSv

2.0
0.27
0.28
0.39

3.0

0.39
0.14
0.10

0.63

<0.01
<0.01
<0.01
<0.01

3.6

(NRC 1990).

equivalent"

% contribution

55
8
8

11

82

11
4
3

18

<0.3
<0.03
<0.03
<0.03

100

a To soft tissues.
b Obtained by taking the average per capita effective dose equivalent for each category and multiplying it by

the number of persons exposed, and then dividing the product by the total U.S. population.
0 Energy facilities, smelters, transportation, etc.



Chapter 2

Radiation Physics

2.1 The Atom and its Structure

All matter is made up of atoms. Each atom consists of a very dense core called the nucleus
with a radius of about 10 12 cm and electron(s) that travel around the nucleus in orbits (or
shells) with radii of about 10'8 cm. The concept of an orbit is an oversimplification since
the electron(s) form a "cloud" with a probability of being clustered in orbits or shells.
However, these orbits are associated with specific energy levels of the atom. When an
electron is in one of these orbits, the atom is considered to possess a particular energy
level.

Figure 2-1 shows schematically the structure of the atom and the orbital electrons. The
nucleus consists of singly charged positive protons and uncharged neutrons held together
by strong nuclear forces. The number of protons in a nucleus is called the atomic number
and is designated by the letter Z. The number of neutrons is designated by the letter N.
The sum of protons and neutrons in an atom is called the mass number and designated by
A. It should be noted that for light elements (e.g. carbon), stability occurs when the atomic
number and the number of neutrons is the same, but for heavier elements there are a few
more neutrons than protons in the nucleus.

Nucleus
(protons

&
neutrons)

Orbital
electrons

° r b i t s

Optical orbits

Figure 2-1: Simplified model of an atom.

Conventionally, for any particular element symbolized by X, these numbers are represented
as zXN, where the N is often omitted since it is easily obtained by subtraction from the
mass number (A) and atomic number (Z). Atoms with the same Z and with different A are
called isotopes, meaning a variable nuclear species of the same element. For example, there



Chapter 2 Radiation Physics

are three isotopes of hydrogen: stable hydrogen (}H); stable deuterium (fH); and tritium
(]H), which is radioactive. When an unstable atom undergoes spontaneous disintegration
to form a new atom of another element accompanied by the release of particulate and/or
electromagnetic radiation, the atom is said to be radioactive and the process is called
radioactive decay. The designation 2^U, means one atom of an isotope of uranium that has
92 protons and 146 neutrons in its nucleus. The term nuclide means a specific nuclear
species with a given proton number and neutron number. A radionuclide is a nuclide that
is radioactive.

Since the nucleus is positively charged, there must be an equal number of electrons
(negatively charged) in the atomic shells so that the atom is neutral and stable. These
electrons occupy shells labelled K, L, M, N, etc. (Fig. 2-1) in order of distance from the
nucleus. However, only a certain number of electrons occupy each shell, for example, 2
in K, 8 in L, 18 in M, etc. This follows directly from theoretical physics discussions (Pauli
exclusion principle and quantum mechanical concepts) - a subject beyond the scope of this
book. The outermost electrons of an atom are of concern when discussing optical spectra
and chemical properties of atoms while the innermost electrons, that is, those electrons in
the K, L, and M shells are important in the discussion of fluorescent or characteristic
x-rays.

2.2 Ionizing Radiation

In traversing material, radiated energy is either absorbed or scattered. Radiation for which the
absorption process leads to the dislodging of electrons from atoms, producing ions (charged
particles) is appropriately called ionizing radiation. The process is shown schematically in
Fig. 2-2. Together the positive ion and the free electron constitute an ion pair.

Incident ionizing radiation

Stable atom
(before interaction)

Ejected
orbital
electron

Scattered
ionizing
radiation

Positive ion

Ion pair
(after interaction)

Figure 2-2: Schematic diagram on the left shows a stable atom, and the
diagram on the right shows an ejected electron and a positive
ion created by incident ionizing radiation. Collectively the
ejected electron and the positive ion is called an ion pair.
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Ionizing radiation may be classified into two general types: (1) charged particulate
radiation (e.g. electrons, alpha particles, cosmic particles); and (2) uncharged radiation
(e.g. neutrons, electromagnetic radiation or photons).

2.3 Ionizing Radiation as Electromagnetic Waves or Photons

X- and gamma rays are ionizing radiation, and they form part of the electromagnetic
spectrum (Table 2-1). Thus, they can be considered as waves travelling with the speed of
light (c = 3.0 x 108 m s'1) and also have associated with them a wavelength (X) expressed
in nm (nano-meter) or Angstrom (1 A = 0.1 nm or 10"10 m), a frequency (D) expressed in
vibrations per second (s'), and energy expressed in electron volt (eV). An electron volt
(eV) is defined as the kinetic energy achieved by an electron accelerated by a potential
difference of 1.0 volt (V). Typical range values of the parameters are shown in table 2. It
is often helpful to consider x-rays as carrying bundles of energy called photons or quanta.
The amount of energy carried by a single photon is given by

E = hv (Equation 2-1)

where Ey is energy in joule (J), h is Planck's constant and is equal to 6.61 x 1034 J s, and
(v) is the frequency of radiation as expressed previously. Since the speed of light, c = Xv,
and 1 eV = 1.6 x 10"19 J, one can obtain a very simple relation (from equation 2-1)
between the energy in eV and the wavelength X in A.

1.24 x 104 (Equation 2-2)

From this equation, the shorter the wavelength the more energetic the photon. X-rays are
more energetic than visible light (Table 2-1) and have the potential to cause ionizations and
biological damage in tissue.

Table 2-1: The electromagnetic spectrum.

Radiation

Radiowaves

Microwaves

Visible light

Ultraviolet

X-rays

yrays

Frequency
(s1)

10s- 10'°

1012-10'"

10'"

10'"- 10'6

10'8-1021

10'8-1021

Parameter

Wavelength
(A)

3(10 a - 10'3)

3(10" - 106)

4000 - 7000

3(10 2 - 10")

3 - 10"3

3 - 1 0 " 3

Energy
(eV)

4(10"6- 10'°)

4(10"' - 10"3)

1.7-3.0

4(10' - 10')

4x103- 1.2x107

4x103- 1.2x107

7
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2.4 X-ray Production

The mechanism of x-ray production may be understood with the aid of Fig. 2-3, which
shows schematically the structure of the target atom and typical trajectories of three highly
energetic projectile electrons.

Incident
electrons

Target

/

• li
M\-

Characteristic
K photon r ^

atom

K W

Transition

- , E r

/ \ , Bremsstrahlung
^v photons _E

7 ^ # ^electron

2ee ^

electron

Figure 2-3: Production of x-rays. Projectile electrons (,6, and 2e) interact
very close to the target atom nucleus thereby emitting
bremsstrahlung photons, and electron 3e, yields characteristic
photons.

Consider trajectory 1, here the incident electron has acquired sufficient kinetic energy
(§2.3) to penetrate the inner electronic shells of the target atom, and approach very close
to the nucleus. Because of the short-range Coulomb forces, that is, the attraction between
the negatively charged incident electron and the positively charged nucleus, the incident
electron is decelerated with reduced energy. The energy loss in this interaction is emitted
in the form of a photon (,Er) with energy, (,Ey), which is equal to the difference in kinetic
energies of the incident electron before and after the interaction. This emitted photon is the
x-ray and is called "bremsstrahlung" or braking radiation.

Trajectory 2 shows a similar path of another highly energetic incident electron approaching
closer to the target nucleus. In this interaction, the Coulomb force is more intense than the
force experienced by the electron that followed trajectory 1. The result is an emission of
a photon (2Er), which is more energetic than photon, (,Er), that is, photon 2Ey > ,Ey. Thus,
in a conventional x-ray tube, the bremsstrahlung radiation energies would depend upon the
proximity of the accelerating electrons to the nucleus, resulting in a continuum or
"spectrum" of x-ray energies. The shape of such a spectrum is shown in Fig. 2-4. where
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the maximum x-ray energy corresponds to the case (though rare) for which there is a
complete transfer of the incident electron kinetic energy in a very close interaction with
the nucleus.

There is another possible interaction that can occur and lead to "characteristic" x-ray
production. An electron occupying a shell close to the nucleus has a higher binding energy
(meaning the energy required to hold the electron in that orbit in the atom) than an electron
in a shell further from the nucleus. Thus, a K-shell electron has a higher binding energy
than an M-shell electron. If, for example, a highly energetic incident electron (see .e, in
Fig. 2-3) collided with a K-shell electron and displaced it completely from the atom, the
atom would be left in an excited state. In order for the atom to regain its stability, one
possible mode is that an electron from one of the outermost shells (say L) fills the vacancy
created in the K-shell. Due to this electron transition, an x-ray photon of energy equal to
the difference in energy levels between shells would be emitted from the atom. This
radiation is called "characteristic" Ka radiation. If, instead, the fill electron came from the
M-shell, the characteristic radiation emitted is referred to as KB. (An alternative mode for
the atom to regain its stability is through the emission of electrons instead of the x-ray
photon just described; these electrons are called Auger electrons and are not discussed
further in this book.)

Figure 2-4 shows characteristic K and L radiation superimposed on the continuum of
bremsstrahlung x-rays. Note that K-x-rays are more energetic than L-x-rays since they
originate in transitions to more tightly bound orbitals. Also, the K radiation from a tungsten
(W) atom is more energetic than the K radiation from a chromium (Cr) atom in which the
binding energy of the K electron is less. Thus, characteristic x-rays are material specific.
It should also be pointed out that x-rays are associated with the rearrangement of electronic
shells of atoms, while gamma rays are associated with the instability of nuclei. Other than
this difference in origin, both x-rays and gamma rays are photons and will be treated
synonymously henceforth.
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t
-^
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II
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Characteristic
* photons

h/
\ Bremsstrahlung

\ . continuum

PHOTON ENERGY (keV)

Figure 2-4: Continuous x-ray spectrum superimposed with characteristic (K and L)
photons (diagram is for illustrative purposes only, not to scale).

2.5 Interactions of Photons with Matter

A knowledge of these interactions is helpful if one is to understand how ionizing radiation
is detected and measured, what materials are best suited for radiation shielding and what
physical processes initiate the biological effects of radiation.

Photons may interact with any part of an atom. To simplify the discussion that follows, it
is helpful to visualize the incident photon as an arrow having a particular speed and
direction and an atom as a target, similar to that of an archer using a bow and arrow to hit
a target. The chances or probability of the archer hitting the object is increased if the target
or object presented has a large area compared to one with a small area. Also, if the
projected arrow has insufficient energy to reach the target or is pointed in the wrong
direction then the arrow would not strike the target. Thus, concepts of geometry, energy,
and atomic area are important to our understanding of photon interactions with matter.
Such interactions, shown schematically in Figure 2-5, are discussed below.

2.5.1 Coherent scattering

As represented in Figure 2-5(a), an incident photon interacts momentarily with the field
of orbital electrons, and the photon is re-irradiated in a different direction without any
energy losses. This coherently scattered photon can continue to make similar interactions

10
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with other atoms. As indicated above, the chance or probability of this event occurring
depends on the energy of the incident photon and on the size of the atom. Stated in a more
formal manner, the probability of reaction between the incident photon and the electron
cloud of the absorber atom (atomic reaction cross-section (meaning the area) m2/atom) is
ocoh and is proportional to Z2/Er where Z is the atomic number of the atom and Ey is the
energy of the photon. This means that the interaction varies directly with the square of the
atomic number of the atom and inversely with the photon energy. It may be alternatively
stated that the interaction is favoured for low energy photons and high atomic number
materials.

2.5.2 Compton scattering

As shown in Figure 2-5(b), an incident photon interacts with an electron and ejects it from
its atom, and the photon travels in a different direction with a reduced energy. The ejected
electron is called a Compton electron and the photon with the reduced energy is called a
scattered photon. The Compton electron has kinetic energy and travels in the medium
causing ionization and excitation interactions with electrons associated with host atoms of
the medium, losing energy at each interaction before finally coming to rest. It is possible
that during its traverse sufficient energy can be transferred to one of the hit electrons,
which in turn initiates similar excitation and ionization events along its path, and these
paths are called delta rays. The path taken by the Compton electron in slowing down is
called the electron track; a single Compton electron can produce several delta rays along
its track in the medium. The excitation events essentially involve a transfer of heat to the
host atom, but the ionization events are sufficient to initiate biological effects (discussed
in Chapter 5). On the other hand, the resulting scattered photon travels with a reduced
energy and can make interactions with other atoms of the medium. The probability of the
interaction between the incident photon and the electron cloud of the absorber atom is <TC

and is proportional to Z/Ey (in units of nr/atom). Thus, this interaction is dependent of
atomic number and decreases with increasing photon energy.

2.5.3 Photoelectric effect

In the photoelectric effect, shown schematically in Figure 2-5(c), the incident photon
interacts with an inner-bound electron and ejects it from the atom, and the photon
disappears. In the interaction, the photon transfers all its energy (Ey) to a K-shell electron
(called a photoelectron) with a kinetic energy less the binding energy of the electron in that
shell. This energetic photoelectron makes excitation and ionization interactions with the
electrons of atoms in the host medium similar to those of the Compton electrons discussed
above. The probability of the interaction between the incident photon and the electron
cloud of the absorber atom is x and is proportional to Z4/Ey

3 5 (in units of nr/atom). This
interaction is strongly favoured for high atomic number materials and low energy photons.

11
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(a)

(b)

Coherent

Compton

scattering

Incident photon

< <

scattering

Incident photon
m

\ \ Resonant
J X photon
/ (no energy loss)

Ejected
orbital
electron

1 Scattered
/ photon

(c) Photoelectric effect
Incident photon .. Photoelectron

(d) Pair production
Incident photon

(>1.02MeV)

Negatron

(e) Photonuclear

Incident photon
(>6.0 MeV)

Neutron

Gamma-ray

Neutron

Radioactive atom

Figure 2-5: Schematic representation of basic photon interactions with
an atom: (a) Coherent scattering, (b) Compton scattering,
(c) photoelectric effect, (d) pair production effect, and (e)
photonuclear.

12
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It is important to notice that the incident photon disappears and an energetic electron
(photoelectron) is released in a photoelectric interaction. Because an electron vacancy is
created in the orbit, characteristic x-rays are also emitted.

2.5.4 Pair production

As shown in Figure 2-5(d), the incident photon of energy EY >1.02 MeV interacts in the
field of the nucleus, creating an electron and a positron, and the excess energy (Ey minus
1.02 MeV) is, on average, shared equally as kinetic energy between the two particles. The
positron, also called a beta-plus particle, is similar to a beta-minus particle that occurs in
certain radioactive decay processes. The positron is positively charged, is identical in mass
to the electron, and can undergo similar ionization, excitation, emission of bremsstrahlung
and Cerenkov radiation interactions. As the positron slows down in matter, it is attracted
by one of the numerous free electrons present in the material and annihilates thereby
releasing two 0.511 MeV photons in opposite directions. These photons are called
annihilation photons and can continue to make interactions with atoms as previously
discussed. [Cerenkov radiation is the bluish light seen in highly radioactive solutions when
charged particles travel at speeds that exceed the speed of light in the liquid medium. For
example, in a solution of Strontium-90 it is the energetic beta particles emitted by the
daughter product Yttrium-90 that produce the effect. A similar effect is observed around
reactor fuel elements submerged in water.] The probability of this interaction is K and is
proportional to Z2/Ey (in units of m2/atom). The interaction increases rapidly with atomic
number and photons above 1.02 MeV.

The incident photon must have an energy greater than 1.02 MeV for this reaction to occur
since two particles, each of rest mass energy equal to 0.511 MeV, are created. A particle
at rest (zero velocity) has energy associated with it, and this energy is referred to as the
rest mass energy. These considerations follow from the famous Einstein equation, E = me2,
where E is the relativistic energy; m is equal to mo/(l-(v/c)2)1/2, and is the mass of the same
object moving at velocity v; and c is the speed of light (3.0 x 108 m s"1). For an electron
at rest, the velocity is zero and m becomes m0, the mass of the electron (which is equal to
9.11 x 10"31 kg). Substituting the appropriate values in this equation yields a rest mass
energy of 0.511 MeV for the electron and positron.

2.5.5 Photonuclear
In Figure 2-5(e), the incident photon must have very high energies to interact directly with
the nucleus of an atom, causing it to be unstable and therefore to become radioactive. For
example, the threshold energy for the photo disintegration of most nuclei is in the 4-8 MeV
range, and therefore not of interest in medical diagnostic x-rays or baggage inspection
systems commonly used today.

Except for coherent scattering and photonuclear interactions that would not be discussed
further, an energetic electron is released in each of the other interactions (see Figure 2-5).
These energetic electrons are utilized for the detection and measurement of radiation and
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are also responsible for initiating effects in biological tissues. Their energy loss constitutes
absorbed dose (§ 4.3).

2.6 Practical Aspects of Interaction Mechanisms

The above processes, although derived from fundamental theoretical physics with
experimental validation, have some important practical implications. These are discussed
with the aid of examples in the remainder of this Chapter.

2.6.1. Shielding considerations

Consider a simple experiment using an x-ray tube in the arrangement shown in Figure 2-6.

X-ray tube

Adjustable collimator

Attenuator

Detector

Figure 2-6: Experimental arrangement for half value layer
determination under narrow beam conditions.

A radiation detector (described in Chapter 4) is located at a fixed position on the central
axis of the primary photon beam and is irradiated under a set of specified conditions (kVp,
mA, time, inherent filtration, etc.). If an absorber of thickness, t, is then inserted in the
photon beam path and irradiated under the same set of conditions, the detector readings
would be lower due to attenuation (i.e. absorption and scattering) of the photons by the
absorber material. The repetitive process of inserting and irradiating successively thicker
absorbers under the same set of specified conditions would lead to decreasing detector
readings. In order to represent these results graphically, the readings can be normalized to
the value obtained without any absorber in the beam, and plotted as a function of absorber
thickness as shown in Figure 2-7.
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Figure 2-7: Typical x-ray attenuation curves: (a) represents a linear plot
and (b) represents a semi-log arithmic plot.

The linear plot (Figure 2-7(a)) is a typical attenuation curve that becomes "flatter" as it
approaches the abscissa (or horizontal axis). This curve may be described mathematically
by an exponential relation:

(Equation 2-3)

where I(t), is the transmitted photon intensity; /„, is the incident (unattenuated) photon
intensity; e, is the base of natural logarithm (= 2.718); //, is the linear attenuation
coefficient, which is the sum of the photoelectric, Compton and pair production
probabilities (§ 2.5); and, /, is the absorber thickness. Two important points are to be noted
about this equation:
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(1) I(t) would never reach zero, meaning that photons do not have a finite range and
cannot be stopped (unlike alpha particles) in matter, but they can be attenuated to
very low levels, where verification would require more sensitive instrumentation.

(2) I(t) can be reduced by increasing /J or t or both. This action may be necessary in
order to decrease the radiation exposure and lower the potential hazard to an
individual positioned at a source whose unattenuated intensity is /„.

The linear attenuation coefficient (/J) can be determined from the slope of the straight line
in the initial part of the curve. Alternatively, (/J) can be obtained from the half-value layer
(HVL), which is the thickness of absorber that reduces Io to one-half its intensity (0.5 Io).
These parameters are related: /J = 0.693/HVL (see problem 2-1).

Figure 2-7(b) shows a semi-logarithmic plot of the same experimental data. The curvature
reflects the fact that x-ray tubes generate photons of several energies, which are also
referred to as polyenergetic beams. A monoenergetic photon source would yield a straight
line. However, even in the case of a pure gamma emitter (e.g. "Ba (Barium-137)), the
radiation emitted from the source is not entirely monoenergetic because of scatter in the
source capsule. Other than physical measurements, values of /u may be obtained from tables
of mass attenuation coefficient (defined as the ratio of /J and density (p) of the absorber
material) data available in most radiation physics and/or shielding textbooks. Typical
curves representing such data are shown in Figure 2-8. It is important to recognize that it
is the differential attenuation properties of materials that are exploited in the diagnostic and
inspection applications of x-rays. The use of mass attenuation data is illustrated by an
example discussed below.
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Figure 2-8: Mass attenuation data plotted for various
materials (adapted from Connolly, 1978).
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Example 2-1

What material would be best suited to attenuate 100 keV (effective) photons?

Using Figure 2-8 in which the abscissa (x-axis) is energy (MeV) and the ordinate
(y-axis) is mass attenuation coefficient (cm2 g1), one finds the 100 keV (0.1 MeV) point
and the corresponding mass attenuation coefficient (u/p) for various materials. Recalling
equation 2-3 (I(t) = loc'm), small values would occur when u becomes large. Thus, the
material with the highest u (obtained by taking the product of the mass attenuation
coefficient, (u/p), and the density, (p), of the material) would be most suitable. In Figure
2-8, uranium is the material of choice; however, due to its radioactive nature as well as
economic considerations, lead is more commonly used.

2.6.2 Source-distance approximations

Almost every practical situation in photon shielding, or energy absorption, involves detailed
consideration of the radiation source and distance geometries; this can lead to rather
complex analytical equations. However, for distances that are considerably larger than the
size of the radiation source, the point source equation can be applied to yield satisfactory
results. That is, the intensity (I) of the radiation varies inversely as the square of the
distance (d) from the source to the distance at which the intensity is desired (I a 1/d2).
Practical applications are indicated later (§ 7.3).
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Problems

2-1 A radar emits electromagnetic waves with a wavelength of 15 cm. Determine the energy
of one quantum of such radiation and the frequency of the signal.

2-2 The sun emits electromagnetic radiation of all energies including visible light. Calculate
the energy of a single quantum having the shortest wavelength (4000 A) and the longest
wavelength (7000 A) in the visible part of the spectrum.

2-3 Substantial evidence indicates that ultraviolet (uv) light from the sun is responsible for
causing some skin cancers. Determine the energy of a single quantum having a wavelength
of 3500 A. Suggest means of decreasing your exposure from this source.

2-4 Using equation 2-3 show that u = 0.693/HVL.

2-5 Three HVLs of a material are inserted in the path of a primary x-ray beam. Determine the
decrease in the beam intensity.

2-6 In a particular facility, the following materials are available in slabs of 1 cm thickness:
stainless steel, masonite, and concrete. Per 1-cm thick slab determine which is the least
effective and the most effective material to shield the primary radiation produced by
(a) a 250 kVp x-ray tube and (b) an 8 MeV linear accelerator (used in radiation therapy).

2-7 A 100 keV photon undergoes a Compton interaction imparting 15% of its energy to an
electron. Find the energy of the scattered photon and discuss the fate of the scattered
photon and the Compton-electron.

2-8 Using the data in Example 2-1, determine the mass attenuation coefficient for aluminum
if the HVL in aluminum at 120 kVp is 3.0 mm. Discuss what the mass attenuation
coefficient for aluminum would be at 80 kVp.
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Chapter 3

X-Ray Tube Design and Spectra

3.1 X-Ray Tube Components and Their Functions

The basic components of an x-ray tube are indicated schematically in Figure 3-1.

Anode terminal Lead housing

Heat sink
Anode Filament

I

7777J77fflJ////////////////////////////I///M

Cathode terminal

Cathode
/

Copper

Beryllium window

Glass envelope

Vacuum

X-ray beam

Figure 3-1: Schematic diagram of an x-ray tube with the basic components identified.

Electrons emitted from the filament by thermionic emission (heating) are accelerated by
the high voltage potential or kVp (meaning kilovolts peak) applied across the anode
(positive) and cathode (negative) terminals. This acceleration causes the electrons to
acquire kinetic energy. The electron flow rate is the current, often expressed in milliampere
(mA). The thick glass envelope maintains a vacuum within the x-ray tube to avoid filament
oxidation and energy losses of the accelerated electrons. When the electrons strike the solid
target material embedded in the anode, about 98 to 99% of their kinetic energy is
converted into heat in the target material and the remainder is converted into x-rays. To
assure target integrity and longevity, a heat sink (e.g. water, oil, forced air) must be
available to remove heat from the anode. The resulting x-rays are emitted in all directions
from the target. In order to ensure that the level of x-ray leakage is within permissible
limits (e.g. the leakage limit for diagnostic x-ray tubes is 25.8 uC kg ' h"1 (100 mR h ' at
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1 meter from the target (DNHW 1970)), the x-ray tube is enclosed in a lead housing with
a suitable window through which the primary beam emerges.

3.2 Factors that Influence X-Ray Spectra
X-ray spectra can be affected by certain operational parameters. These are briefly discussed
below and their effects are shown qualitatively in Figure 3-2.

kVp: This refers to the high voltage potential applied across the anode and cathode
terminals of an x-ray tube. By increasing the high voltage potential, the x-ray yield
would be increased (« kVp2) and also more energetic photons would be produced
(see cross-hatched section of the x-ray spectrum in Figure 3-2 (a)).

mA: This refers to the flow of electrons across the cathode-anode terminals of an x-ray
tube. An increase in mA would cause more electrons to strike the target material
and therefore the x-ray yield would increase proportionately. These affects are
shown in Figure 3-2(b).
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Figure 3-2: Differences of x-ray spectra with (a) applied potential and (b) tube current.

Target: High atomic number (Z) materials are more efficient in producing x-rays than
low atomic number materials as illustrated in Figure 3-2(c). While tungsten is
a common target material used in x-ray tubes, other materials such as chromium
and molybdenum have been employed for specialized applications.
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Filter: Filters are materials usually of small thicknesses placed in an x-ray beam to
preferentially attenuate (i.e. absorb and scatter) the lower-energy photons or soft
component of the x-ray spectrum. The effect being more pronounced for filter
materials of high atomic number (see Figure 3-2(d)).
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Figure 3-2: Differences of x-ray spectra with (c) target material and (d) filter.

Example 3-1

A high voltage potential of 100 kilovolts is applied across the anode and cathode
terminals of an x-ray tube. Determine (i) the minimum wavelength corresponding to the
maximum photon energy generated, and (ii) the relative x-ray intensity increase if the
high voltage is adjusted to 300 kilovolts.

(i) At 100 kVp, the electrons would acquire a kinetic energy of 100,000 eV (100
keV). The maximum x-ray photon energy would occur, though occasionally, when
the electron kinetic energy is completely transferred to the bremsstrahlung photon
(i.e. Ey = kinetic energy of the incident electron). The corresponding wavelength
of this photon (using equation 2-2 (12400/100 keV)) becomes 0.124 A. The same
result can be obtained by using the high voltage potential across the x-ray tube in
the denominator of the preceding expression in parentheses, that is,

m̂m (A) = I2-4 / Applied voltage (kilovolts)
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(ii) The relative increase in x-ray intensity, assuming all other parameters remain
constant, can be obtained by taking the ratio of the operational potential (kilovolt)
raised to the power of 2.

This yields, (300kVp/100kVp)2, a factor of 9.

It is often convenient to express the quality of the bremsstrahlung spectrum in terms of an
effective energy, Eeff, which is the monoenergetic photon beam that has the same half-value
layer (§ 2.6.1) as the bremsstrahlung spectrum. As a rule of thumb Eeff ^ 1/3 Emax, where
Emax is the maximum photon energy in the spectrum. For example, an x-ray tube operating
at 160 kVp would yield a 160 keV photon (theoretical maximum), and the effective energy
of the beam would be (160/3 keV) - 53.3 keV.
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Problems

3-1 What physical effects would occur if air is present in an x-ray tube? Discuss how you
would establish whether a tube is "gassy" (i.e. the situation when the vacuum condition
is breached) using the x-ray machine controls.

3-2 An industrial x-ray tube operating at 120 kVp experienced a sudden drop in line voltage,
causing the operating potential to be 80 kVp. Estimate the fractional decrease in photon
intensity from the x-ray tube.

3-3 What factors influence the photon emissions from an x-ray tube? Explain your answer.

3-4 A student decided to investigate the effects of radiation on milk. To do this, the specimen
was irradiated continuously for 15 minutes using a baggage x-ray unit that operated at
160 kilovolts and 2 mA tube current. Immediately after the irradiation, the high voltage on
the unit was turned off. The student makes the following claims:

(i) The milk is radioactive.

(ii) It is unsafe to remove the specimen from the irradiation chamber because the x-ray
tube is still emitting photons. If the tube current was also decreased to zero, then it
will be safe to remove the sample.

Discuss the validity of the above claims.
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Chapter 4

Radiation Detection, Measurement and Units

4.1 Introduction

The presence of ionizing radiation, unlike heat or light, cannot be detected by the human
senses. Rather one relies on the interactions of such radiation with matter in specifically
designed sensors. For example, the ionizations produced when photons interact with a gas
are exploited in an ionization chamber. The excitation of atoms and the resulting
luminescence form the basis in scintillation detectors and thermoluminescent detectors. In
other applications advantage is taken of chemical changes induced by the radiation. Thus,
there are many different principles on which photon detection systems are based.

Since the ionization chamber is the most common detector used for radiation
measurements, it is considered below in more detail than other systems.

4.2 Radiation Detection and Measuring Devices

4.2.1 lonization chambers

The basic principle of operation may be understood by considering the diagram shown in
Figure 4-1 (a). C is a small air cavity within a device containing a central electrode and
an outer electrode. The central electrode is connected to the positive terminal of a battery
via an ammeter and the outer electrode is connected to the battery negative terminal. The
voltage created by the battery induces an electric field in the cavity between the central and
outer electrodes.

(a) lonization
chamber

Central electrode

Outer electrode

Photons

Ammeter

(b)
Voltage V

Continuous
discharge

APPLIED VOLTAGE

Figure 4-1: (a) Basic current loop utilizing an ionization
chamber, and (b) a plot of the relative signal
ionization current versus the applied voltage
between the detector electrodes.
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When the cavity is exposed to a beam of photons, primary electrons (meaning
photoelectrons, Compton electrons and pair-production electrons) are generated in the air
medium and in the chamber wall material(s) depending upon the photon energies. These
primary electrons have high kinetic energies and cause ionizations of the molecules in the
air medium, thereby, producing positive ions and free electrons. In the absence of an
electric field the positive ions and free electrons would recombine. Applying a low voltage
(e.g. 300 V) across the cavity produces an electric field that causes the positive ions to
migrate toward the negative electrode while the electrons travel toward the positive
terminal, and the device functions as a simple ionization chamber. As the voltage is
increased the current flow (or signal) initially rises and then saturates, meaning that all of
the free electrons are collected. The region in which these events occur is called the
ionization region (Figure 4-l(b)), and the saturated current flow is directly related to
exposure (charge per kilogram of air, see § 4.3). Hence the radiation exposure can be
accurately quantified in the ionization region. However, exposure measurements are only
valid for photons (x-rays and y rays) less than 3 MeV, beyond this energy other units such
as dose (§ 4.3) are used.

As the voltage is increased beyond the ionization region, the primary electrons (generated
in the air medium and chamber walls) acquire higher kinetic energies. These electrons
make excitation and ionization interactions with other gas atoms and molecules present in
the air medium. The result is an overall increase in the number of ions and free electrons
produced in the medium; a process called gas amplification. Over a certain range of
applied voltage, the signal is directly proportional to the energy of the incident high speed
electrons and ions. The region of the curve where these events occur is called the
proportional region (Figure 4-1 (b)).

Further increases in voltage would limit gas amplification (= 10'°) where the final signal
(i.e. total number of ionization) is independent of the type of primary radiation that caused
it. That is, in this region, an a particle, a 6 particle and y photons would all yield the same
signal. This region of the curve is called the Geiger region. Detectors that are designed to
function in this region would detect the presence of radiation, and they are often referred
to as qualitative radiation instruments. The gas employed in such detectors is normally
argon or helium. For voltages beyond the Geiger region, continuous discharge would occur
in the detector and the signal would not be related to the incident radiation.

4.2.2 Scintillation detectors
In these detectors, the effects of radiation on a scintillating material are exploited. Such
materials may be an inorganic crystal or an organic solid, liquid, or gas. Figure 4-2
represents the permitted energy levels of a crystalline inorganic material.
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Crystal imperfections exist and this is partially responsible for the forbidden energy levels
shown in the preceding diagram. In the valence band (or ground state energy level), the
electrons are bound to atoms or group of atoms. If electrons in this band are excited, for
example by photon irradiation, they may enter the conduction band where they can move
more freely among atoms. When these electrons return to the valence band they emit a
photon of energy equal to the difference between the excitation energy and the valence
energy. This is called fluorescent radiation usually in the optical range of wavelengths, and
instruments based on this phenomenon are called scintillatiqn detectors. Two common ones
used in gamma ray spectroscopy are cesium iodide (Csl) and sodium iodide (Nal), while
zinc sulphide (ZnS) is one of the oldest detectors used for a particle detection.

4.2.3 Thermoluminescent detector (TLD)

If a valence electron becomes trapped in a forbidden band (Figure 4-2), subsequent heating
will impart sufficient (vibrational and translational) energy to raise it to a higher energy
level in the conduction band. Upon its return to the ground state, a quantum of visible or
ultraviolet (uv) light is emitted. Because the yield is very low, further light amplification
using photomultiplier tubes is required. The total amount of light emitted is proportional
to the dose of incident radiation.

Two commonly used TLD materials are: lithium fluoride (LiF) employed for personnel
dosimetry and calcium fluoride (CaF2) utilized in environmental studies. These materials
are reusable after annealing (i.e. heating the crystal under controlled conditions to enable
electrons trapped in the forbidden bands to return to the ground state).

4.2.4 Radiographic film

X-ray film contains very small crystals of a silver halide (usually silver bromide)
suspended in a gelatin base. When ionizing radiation passes through the film, the silver
halide in the emulsion is ionized. The effect is so small that there is no visible sign on the
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exposed film. For the effect to be rendered visible, the exposed film must undergo two
stages of chemical processing: (1) developing, which reduces the silver ions to metallic
silver, and (2) fixing, which removes the unaffected silver bromide. Thus, on the
chemically processed film, areas exposed to the radiation appear dark and unaffected areas
appear light. The degree of film blackening can be quantified to give an estimate of the
exposure.

In common with other dosimeters, the response of films is dependent on the radiation
energy. For low energy photons, films show an increased response per unit dose that peaks
at about 40 keV because of the predominant photoelectric interaction (T a Z4) with the
silver atoms (Z = 47).

A variety of films are used in medical diagnostic applications with and without intensifying
screens. For films used in conjunction with properly matched intensifying screens (so
called screen films), the x-rays interact with the fluorescent material (present in the screen)
causing the emission of light that affects the film. For no-screen films, the blackening is
due to the direct absorption of x-rays in the film emulsion. When screen films are used,
the exposures are usually lower than if a no-screen film was employed.

4.2.5 Fricke dosimeter

This dosimeter is based on the chemical changes induced in a specially prepared ferrous
sulphate solution. When the solution is exposed to a beam of photons or electrons, the
ferrous ions are oxidized to ferric ions, which can be detected by absorption in ultraviolet
(uv) light at wavelengths of 305 nm or 224 nm. This dosimeter provides an absolute
method for the determination of high radiation levels (30-350 Gy) from such beams.
However, the dosimeter is extremely sensitive to impurities, demands highly purified
reagents (e.g. triply distilled water) and uses specialized measuring instrumentation (e.g.
spectrophotometer). It is not a dosimeter for routine use in radiation protection applications;
however, it has important dosimetric implications following accidents with high energy
x-rays and electrons.

4.2.6 Calorimeter

By definition, a calorimeter is a device for measuring thermal energy. Although for an
absorbed dose of 10 Gy(1000 rad) in soft tissue, the temperature increase is only about a
few one-thousandths of a degree Celsius, calorimetric techniques have been investigated
for radiation dose measurements.

In these applications, thermistors (materials whose electrical resistance changes with heat)
are placed in an absorber material and undergo resistive changes according to the heat
absorbed during irradiation. Calorimeters are suitable for radiation dosimetry of high
intensity beams typical of radioactive sources, particle accelerators and nuclear reactors.
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4.3 Radiation Quantities and Units

The radiation quantities of interest in radiation protection are absorbed dose, equivalent
dose, and effective dose. Exposure is also used in certain situations. Where appropriate the
International System of Units (SI) is indicated.

Exposure

Exposure is defined in terms of the ability of x- and gamma rays to ionize air. The unit
is the roentgen (R), which is expressed in coulomb per kilogram of air:

1 R = 2.58 x 10 4 C kg -1

Previously, the roentgen was defined as equal to 1 electrostatic unit of charge (esu) per
cubic centimetre of air at standard temperature and pressure (zero degree Celsius and
760 mm mercury, respectively). Both the previous and current definitions correspond to
1.6 x 1015 ion pairs per kilogram of air. Exposure is valid for x- and gamma rays of energy
< 3 MeV.

Absorbed dose

Absorbed dose is directly related to the energy deposited by the secondary electrons in a
small volume of the material irradiated. These electrons originate from the interaction of
photons with atoms in the medium (§ 2.4). The absorbed dose is the energy deposited per
unit mass in any medium. The SI unit of dose is the gray (Gy), and the traditional unit is
the rad.

1 Gy = 1 J kg~x = 100 rad

(1 rad = 100 erg absorbed per gram of material)

Following an exposure measurement, the absorbed dose is often the quantity desired. This
may be obtained by using appropriate dose conversion factors for the radiation energy and
the tissue of interest. For example, consider, an exposure of 1 R to soft tissue in the female
breast from 40 kVp x-rays (with a half-value layer (§2.6) of about 0.5 mm in aluminum).
The absorbed dose in soft tissue would be approximately 0.88 rad, using the roentgen-to-
rad conversion factor versus energy plots in Johns and Cunningham (1980), and using the
assumption that the photon scattering properties in soft tissue are similar to those in water.
The same exposure to bone would however result in a dose increase by approximately a
factor of 4.5 (ratio of f^ and fsofltissue). At photon energies above 150 keV, the differential
absorption among bone, muscle and soft tissue differ by less than a few percent.
Nevertheless, this simple example illustrates that absorbed dose depends on the radiation
energy and the tissue irradiated. In radiation protection it is the absorbed dose averaged
over the tissue or organ for a particular radiation that is of interest.
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Equivalent dose

Equivalent dose attempts to relate the biological effectiveness of different types of ionizing
radiation. Previously, the dose equivalent was defined by the International Commission on
Radiological Units and Measurements (ICRU 1980) as the product of the absorbed dose
(Gy) and a quality factor (Q), which accounted for the linear energy transfer (LET) of the
particular radiation, and this definition is retained in many situations. LET refers to the rate
of energy loss per unit path length of an ionizing particle as it traverses a medium. Alpha
particles (which are helium nuclei) are heavier and have a greater charge than an electron,
lose energy through ionization and excitation interactions with atoms in the host medium,
and cause more ionizations near the end of their travel paths. In general, alpha particles
completely lose all their energy in very short distances of the order of microns in tissue.
An electron of comparable energy will travel a much greater distance in tissue before
coming to rest and being attached to an atom. Thus, alpha particles have a higher LET than
do the primary electrons produced when a photon makes atomic interactions as discussed
in Chapter 2. This means that the probability of causing biological damage would be far
greater in the case of an alpha particle than for an electron. (See also § 5.3).

Previously, x- and gamma rays were assigned a quality factor of 1 and alpha particles a
factor of 10. In order to better account for the relative biological effectiveness of the
different types and energies of radiation, the International Commission on Radiological
Protection (ICRP) in 1990 recommended that absorbed doses are to be weighted by
radiation weighting factors (WR), reproduced in Table 4-1, instead of the quality factor
previously proposed. This approach would yield a weighted dose and is called equivalent
dose, expressed in sievert (Sv) unit.

1 Sv = 1 J kg] = 100 rein

For a tissue or organ T, the equivalent dose HT is

HT (Sv) = TR WR DTR

where WR is the weighting factor for the tissue or organ, and DTR is the absorbed dose
averaged over the tissue or organ 7, due to radiation R.

Effective dose

The effective dose is the sum of the weighted equivalent doses in all tissues and organs
of the body. It is given by the expression

E = ZTWT HT

where HT is the equivalent dose in tissue or organ T, and WT is the weighting factor for
tissue T. The unit of effective dose is also the sievert (Sv).
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Table 4-1: The 1991 ICRP Radiation Weighting Factors.

Radiation type and energy range Radiation weighting
factor (WR)

Photons, all energies 1

Electrons and muons all energies 1

Neutrons < 10 keV 5

> 10keVto 100 keV 10

> 100keVto2MeV 20

>2MeVto20MeV 10

> 20 MeV 5

Protons, other than recoil protons energy > 2 MeV 5

Alpha particles, fission fragments, heavy nuclei 20

4.4 Applications of Radiation Units

In this section, the applications of the units with worked practical examples are presented.

4.4.1 Exposure

Before an ionization chamber can be used for exposure determinations, it must be
calibrated (in the saturation portion of the ionization region of the curve in Figure 4-1)
against a known standard or reference instrument at the radiation quality (or a range of
qualities) for which the chamber will be used (ICRU 1976). The calibration factors so
obtained essentially convert the instrument reading to yield exposure values. However,
calibration and field exposure conditions (energy, intensity, direction, beam size, etc.) often
differ and this could introduce inaccuracies in exposure determinations. Through proper
instrument design (wall material, saturation features, volumes, stability characteristics, etc.)
significant reductions in the uncertainty can be achieved. For radiation protection purposes,
ionization chamber survey meters characterized by large volumes and high sensitivities can
provide accuracies of ± 10-15%. In radiation therapy, the ionization chambers characterized
by small volumes and lower sensitivities can provide accuracies of ± 2% or better. Almost
all ionization chambers are unsealed. This means that the mass of air present in the
chamber at time of calibration could differ during field use. Depending on the chamber
used and the impact of the exposure result desired, temperature and pressure corrections
may have to be applied. The simple examples presented below should clarify the preceding
ideas.
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Example 4-1

Following an x-ray tube replacement operation on a Linescan System 1 baggage x-ray
unit, a reading of 140 mR per hour was recorded with a Victoreen Model 660 survey
meter at 0.2 meter from the tube housing. The survey meter was calibrated (at a
standardization laboratory) at 1 meter using a 10-centimetre square field from an x-ray
generator whose effective energies are in the 40-80 keV range. The temperature and
pressure during calibration were 22°C and 101.3 kPa, respectively. Assuming that the
radiation beam at the point of measurement was larger than the sensitive volume of the
ionization chamber and that the ambient temperature and pressure were 25°C and
100.3 kPa, determine the exposure rate. Unpublished data on several Linescan System
1 units used by a major client at one facility indicate that the primary beam has an
effective energy of 57.2 keV.

To obtain the exposure rate, the instrument calibration factor at the energy corresponding
to the effective energy of the beam and a correction for the temperature and pressure are
needed. The instrument calibration factor is obtained from the data issued by the
calibration laboratory. If the energy of interest is not given explicitly, it may be obtained
by linear interpolation of the data provided by the calibration laboratory; however,
extreme caution should be exercised because for low energy photons the response of the
detector is not necessarily linear and hence linear interpolation may be invalid over large
energy domains. Assuming a calibration factor of 1.023 in this case, the exposure rate
(assuming calibration temperature and pressure corrections are needed) is

Calibrated exposure = Instrument reading x Calibration factor
= 140 mR h1 x 1.023
= 143.2 mR h1

Since the ionization chamber is not sealed to the atmosphere, the air mass in the
chamber cavity would be different at the time of the field measurement than at the time
of calibration. Hence, temperature and pressure corrections must be applied. At 25°C,
the air is less dense than what it was at the calibration temperature of 22°C, meaning
that less gas mass is present in the cavity. Also, a low pressure (100.3 kPa) means fewer
gas molecules are present in the cavity. To account for these differences, the following
relationship applies:

(273 + T >x 101.3
273 + 22 P

where T and P are the ambient temperature (°C) and pressure (kPa) at the time of field
measurement. The resulting temperature and pressure corrections become

(273 + 25) x 101.3 equal to 1.02
273 + 22 100.3

The corrected exposure rate is then
= Calibrated exposure rate x Correction factor for T and P
= 143.2 mRh 1 x 1.02
= 146.1 mR h1 (or 37.7 uC kg1 h1)
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While an omission of the temperature and pressure corrections of 2% in a radiation
protection calculation may not be significant, it could in a radiotherapy calculation lead
to an underdose of the tumour, thus potentially increasing tumour recurrence.

Example 4-2

Using the data in example 4-1, estimate what the exposure would be if the radiation
field that impinged on the detector was about 15-20 times smaller than the detector size.
Would the detector still be useful in this situation?

Since the radiation field incident on the detector is smaller than the sensitive volume of
the detector, the detector response would be far lower than if the whole sensitive volume
of the detector was present in the radiation field (ICRU 1976; Maharaj 1990). Taking
the ratio of the detector size and the incident beam size and multiplying it by the
instrument reading would indeed yield a high exposure value, but this approach is akin
to forcing the detector to act as a geiger instrument (i.e. only as a sensor of radiation),
since the value obtained would be a gross overestimate of the exposure. To obtain a
more realistic exposure estimate, the sensitive volume of the radiation detector must be
smaller than the size of the incident radiation beam or appropriate corrections would
have to be made to account for the partial-volume detector response. Conversely, the
radiation field must be larger than the sensitive volume of the detector.

In spite of these difficulties, the detector can be used to advantage for such operations
in which it is likely that leakage radiation would occur from small unshielded regions
or imperfections of the leaded tube housing assembly. Switching the instrument to the
lowest (rate mode) range would result in increased sensitivity thus facilitating a response
readable on the instrument. Though not a true exposure rate, the reading obtained can
be used for comparative purposes only. Such measurements, when made carefully before
and after maintenance operations and then compared, would provide an indication on the
effectiveness of the maintenance procedures used. Differences exceeding 10% (since
most instruments are accurate to about 10%) would suggest an improper procedure in
the operation that led to the high readings. Consequently, when this situation is
encountered, the survey meter must be evaluated for proper functioning and the
workmanship on the x-ray machine must be thoroughly re-checked for omission and/or
improper installation of component parts. Problems found must be corrected, and retests
for radiation must be conducted cyclically.

The preceding example shows that even though survey meters may not provide realistic
exposure estimates when small radiation beams are encountered, they can be used to
advantage to indicate radiation fields qualitatively thereby facilitating protective measures.

4.4.2 Absorbed dose

The quantification of dose is necessary for the treatment of certain malignant tumours
(cancer) with radiation (radiation therapy) and for use in radiation protection calculations.
The following example will clarify the latter application only.
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Example 4-3

Suppose in example 4-1, the radiation leakage was due to a missing shield, and the
technician's hands were in the beam at 0.2 m from the x-ray tube housing for a period
of 15 minutes because of making necessary collimation adjustments for establishing
image quality criteria, estimate the dose to soft tissue and to bone for 57.2 keV photons.

To convert the exposure in air to dose in soft tissue, one needs a correction roentgen-to-
rad factor (§ 4.3). This factor, which is energy dependent and varies with the medium
in which the dose calculation is required, is generally called the fmed (sometimes loosely
referred to as the roentgen-to-rad conversion factor). The absorptive properties of tissue
and water are very similar since they have about the same atomic number and electrons
per gram of material. Therefore, fwaler ~ ftlssue and for 57.2 keV, fwater = 0.90.

The absorbed dose in tissue = Exposure in air x fwaler

= 146.1 mR h1 x 15 min. h/60 min x 0.90
= 32.9 mrad (or 0.329 mGy)

The f-factor for tissue, water and muscle is always <1.0 and ~ 0.9 over the energy
domain from 0.01 to 10 MeV (Johns and Cunningham 1980). Thus, if we assume that
the f-factors for these media are unity, then our calculation would yield a slight
overestimate of dose, which is conservative and acceptable for radiation protection
purposes. On this basis, the absorbed dose rate in soft tissue ~ exposure rate in air.
However, bone has a higher effective atomic number than soft tissue, because of its
calcium constituent. As a result of this, the f-factor increases beyond unity as the photon
energy decreases because of the more probable photoelectric effect (% a Z4/EY

3 5) (Johns
and Cunningham, 1980). At 57.2 keV, fbone is -3.5, thus, the absorbed dose in bone
becomes

= Exposure in air x fbone
= 146.1 mR h"1 x 15 min. h/ 60 min. x 3.5
= 127.8 mrad (or 0.1278 cGy)

This example illustrates the differential absorption of radiation in body tissues.

4.4.3 Equivalent dose

Following exposure to radiation, it is necessary from a radiation protection standpoint to
establish whether the ICRP recommended limits are exceeded. Depending on the radiation
type, energy and exposure conditions, such calculations can be very complex. The
following example will illustrate these points.

Example 4-4

Assuming that the leakage radiation in example 4-1 was emanating from a circular
opening of diameter 2.5 cm and was directed toward the operator's head, establish
whether recommended limits were exceeded, if the operator was operating the equipment
at 0.5 meter from the x-ray tube and had operated the unit continuously for 12 hours
per day for 1 week.
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Since the operator is 0.5 meter from the source (2.5 cm diameter), the inverse square law
applies (i.e. the distance at which the exposure measurement is required exceeds the
source dimension by a factor of 20 (i.e. 50 cm/2.5cm).

The absorbed dose rate becomes 146.1 mrad/h x (0.2 m/0.5 m)2 = 23.4 mrad/h

The equivalent dose for 1 week = 23.4 mrem/h x 12 h/d x 7 d/wk
= 1965.6 mrem/wk
= 19.65 mSv in a week

Consulting Table 6-1, the annual equivalent dose to the lens of the eye (15 mSv) has
been exceeded. If one were to use the ICRP tissue weighting factor of 0.05 for the brain
(included in the remainder tissues), the effective dose, 19.65 mSv in a week times the
tissue weighting factor of 0.05, yields 0.98 mSv, which is to be compared with the
average whole-body effective dose of 1 mSv per year for a member of the public.
Clearly, the limit to the eye was exceeded, and this means an increased risk to the
operator - an incident that could develop into serious legal-liability ramifications.

Presumably, the operator posture and orientation with respect to the direction of the
leakage radiation beam would vary, meaning that the operator's head may not
necessarily be in the beam all that time. As a result, the dose would probably be lower
than the values obtained in this simple calculation. While this example is mainly for
illustrative purposes, it points out the need from a radiation protection standpoint to
ensure that proper x-ray tube replacement operations are conducted and that leakage
radiation levels are consistent with the federal regulatory standards (0.5 mR h"1 at 5.0 cm
from any external surface of the equipment).
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Problems

4-1 A Victoreen meter, Model 660, read 63.2 mR h1 when passed through an SPL 1000A
baggage x-ray system operating at 150 kVp. The field size at conveyor belt level was
75 x 90 cm2, and the HVL of the x-ray beam was 2.5 mm Al. The instrument calibration
factor at the effective energy of the system is 1.042 and the temperature and pressure
conditions at the time of measurement were 25°C and 101.3 kPa. Find the corrected
exposure rate, if the instrument was calibrated at 22°C and 100.3 kPa. Determine the %
difference in the exposure if pressure and temperature conditions were ignored.

4-2 After maintenance work was performed on the system referred to in problem 4-1, two
Victoreen detectors (Models 471 and 660) were positioned on either side of the central axis
of the primary beam on the conveyor belt and passed simultaneously through the baggage
x-ray system. The 471 model read 758 mR and the 660 model read 943 mR after 15
traverses. The conveyor belt speed was 20 cm per second, and the field size in the
direction of the conveyor belt travel was 75 cm. Discuss why these readings are different.

4-3 Estimate the exposure rate of the baggage x-ray system using the data in problem 6-2.
(Hint: use calibration factor of problem 4-1.)

4-4 Estimate the calibration factor for the Victoreen 471 instrument using the data in problem
4-2.

4-5 Suppose one doubted the instrument readings in problem 4-2, what other dosimeter could
you use and why?

4-6 If the detectors referred to in problem 4-2 were passed through a Linescan System 1 unit,
determine the instrument readings. Explain any discrepancies.

4-7 A Linescan System 1 unit previously located at screening point A was moved to an airline
carrier check-in counter about 500 m on the upper floor of a terminal building. Image
quality assurance checks using a Victoreen 471 instrument for 20 traverses in the radiation
beam yielded the following readings (mR h '):

1.62, 1.61, 1.59, 1.64, 1.63, 1.65 (avg = 1.623)

Two days prior, similar checks were conducted and the following readings (mR h1) were
stated in the equipment maintenance log:

1.53, 1.55, 1.49, 1.58, 1.52, 1.55 (avg = 1.537)

(1) Explain the possible sources of discrepancy between the readings before and after the
unit was moved?

(2) Give your interpretation of the readings. (Hint: are the readings the cumulative
exposure for 20 traverses? If not, what other considerations are involved?)
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Chapter 5

Biological Effects of Radiation

5.1 Introduction

Despite man's continuous exposure to naturally occurring ionizing radiation since the
beginning of time, it was not until the discovery and subsequent use of x-rays (by W.
Roentgen in 1895) and of radioactivity (by H. Becquerel in 1896) that the biological effects
of ionizing radiation were realised. For example in the early development of medical
radiology, it was a common practice for a radiologist to test the condition of the x-ray tube
by the deliberate exposure of his hands and use the density of bone shadows cast on a
fluorescent screen as an index of the state of the x-ray tube (Court-Brown and Doll 1958).
Studies of British and American radiologists (Court-Brown and Doll 1958; Lewis 1963)
provided first evidence that leukaemia and skin cancer could result from whole-body
exposure to x-rays. In a similar context, radium dial painters who practised licking the tips
of their brushes had significant radium accumulation in their bodies over a period of time
and this led to many deaths (e.g. bone cancer) as a consequence of this careless handling
of a radioactive substance. There is thus an inherent risk of damage to biological systems
associated with ionizing radiation use.

The risks of radiation injury can be minimized or averted in much the same way as the
risks of injury from any toxic substance or physical agent. The aim in this Chapter is to
provide information that would enable the reader to appreciate, understand and perhaps
control the various factors that influence radiation-induced damage of living organisms.

5.2 The Biological Cell and Radiation Interactions

Radiation damage begins at the molecular level within biological cells. Although a
"generalized" cell consists of major structures (Fig. 5-1) each performing various
functions necessary to sustain life, it should be noted that the cell contains more than 70%
water and that the nucleus consists of complex organic molecules (deoxyribonucleic acid
(DNA), ribonucleic acid (RNA)), proteins and other molecules.

Plasma ,.

/
Nucleus 1

(contains DNA and RNA) /

. Lysosome

r\* ^ / Endoplasmic
U H / reticulum

^& 1^ Ribosomes

_/\ Jp Mitochondria

Figure 5-1: Simplified diagram of a generalized
indicating major structures.

cell
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The interaction of ionizing radiation is probabilistic and non-selective, that is, the radiation
can affect any cell structure thereby altering its function, which may or may not lead to
a deleterious or fatal cellular effect. This type of interaction is called the direct effect. Of
particular concern, however, is the creation of very reactive chemical species (hydroxyl
radicals, solvated electrons, protons) formed when ionizing radiation interacts with the
water molecules present in the cell. These species can attack and destroy other critical
biological molecules such as DNA, RNA and proteins. This process is known as the
indirect effect of ionizing radiation. There is strong evidence that DNA is the most critical
site for lethal cellular damage. Similar damage to DNA can occur from exposure to
industrial chemicals (e.g. vinyl chloride), chemicals in the diet, chemicals in cigarette
smoke and exposure to sunlight. Both the direct and indirect effects of ionizing radiation
can produce cellular damage in biological tissues.

It is to be pointed out that the conversion of radiation energy to thermal energy (i.e. heat
absorption through a temperature rise) in the cell is not the cause of radiation injury. This
is easy to see if one considers that the absorption of 1 mGy (100 mrad) causes a rise in
water temperature of only 2.6u°C! There are, however, studies that suggest differential
heating of tumour cells may change cell metabolism and oxygen consumption thereby
improving their radiation sensitivity. This type of heat application is called hyperthermia;
and, it is being investigated as a possible adjuvant treatment modality to radiotherapy for
certain cancers. The heat required for hyperthermia is far greater than the heat produced
by photon radiation typically encountered in diagnostic x-ray examinations.

5.3 Factors that influence Radiation Damage

The extent of biological damage depends on several factors and some are briefly discussed
below. (A more detailed treatment may be found in standard radiobiology texts such as
Bacq and Alexander 1961; Hall 1973; and Travis 1980.)

Type and energy of radiation

For example, the 4.78 MeV alpha (a) particle emitted in the decay of an atom of 226Ra (the
precursor of radon-222 gas) would produce more local damage than a photon of the same
energy. This is so because the a particle completely transfers all its energy over a short
distance (range) through numerous ionization and excitation events with atoms of the host
medium. In contrast, the photon whenever it makes an encounter with atoms in the medium
through which it passes, only transfers a small amount of its energy, and it is not stopped
in a specified distance (recall equation 2-3). The spatial rate at which energy is deposited
when a charged particle travels through a medium is called the linear energy transfer
(LET). Note the electrons produced from photon interactions are charged particles. High
LET radiation (a particles, neutrons, fission fragments, etc.) has much greater interaction
with biological media than does low LET radiation (x-rays, y rays, electrons) and,
therefore, the attendant biological risk is greater with high LET radiation than with low
LET radiation. While for absorbed dose determinations the quality factor, Q, reflects the
LET of the radiation used, it is the relative biological effectiveness of the radiation that is
more relevant for radiation protection purposes. To this end, the ICRP has proposed
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radiation weighting factors, WR, for the type and energy of the radiation in order to better
reflect the RBE considerations when calculating equivalent doses.

Total dose and dose rate

The growth and development of any multicellular organism depends on the multiplication
of its individual cells. This multiplication or cell division (mitosis) is one phase in the cell
cycle during which the chromosomes are visible under a microscope. Chromosomes are
genetic material responsible for directing cytoplasmic activity and transmitting hereditary
information in cells. The remaining three phases of the cell cycle are: Gl and G2, which
are resting phases after and before mitosis, respectively, and the S phase during which
DNA synthesizes and replicates, that is, when the amount of DNA doubles in the cell.
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Figure 5-2: Hypothetical curves illustrating the effects of high and low
radiation doses to an asynchronous population of cells.

At any given time, within a population of dividing biological cells in the body, there exist
cells in all phases of the cell cycle with a certain proportion undergoing mitosis. The ratio
of the number of cells in mitosis and the number of cells in the population is called the
mitotic index. Irradiation of such a population not only causes a decrease in the mitotic
index, but also delays mitosis temporarily. These cellular responses are more pronounced
at high doses than at low doses (Figure 5-2). At low doses, the mitotic overshoot (Figure
5-2) occurs because the cells delayed in mitosis recover and proceed through cell division,
in addition to those cells that were progressing normally through mitosis. However, if the
dose is high not only the length and magnitude of the delay is increased, but no overshoot
occurs, indicating that the cells apparently were unable to recover and therefore died before
cell division. Thus, radiation can inhibit cell division or cause faults in DNA, which can
lead to cell death during attempted reproduction.
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The rate at which radiation is delivered (dose-rate) also effects the response of cells. For
example, mammalian cells in tissue culture (growing cells in a glass dish containing
nutrients) exposed to different x-ray and y-ray doses can be described by the percentage
of cells surviving a given total radiation dose. The graphical representation of the fraction
of cells surviving versus dose is called a survival curve. For low LET radiation, such
curves exhibit a characteristic shoulder, which is broader at low dose rates than at high
dose rates (Figure 5-3).

8 10 12 14 16

Dose (Gy)

Figure 5-3: Survival curves illustrating the effect of high and low dose
rates of low LET radiation. Line A represent high LET
radiations.

High LET radiation shows a negligible shoulder in comparison to low LET radiation. One
interpretation of the curve shoulder is that the damage is sublethal, suggesting that more
than one target or site in the cell must be damaged if cell death is to occur; this is based
on the multi-target theory. Another interpretation, based on experimental evidence, suggests
that cellular recovery (i.e. enzymatic repair of the DNA molecule) is occurring before
enough damage has accumulated to cause cell death.

Radiosensitivity of body organs

One of the most widely used biological end points for determining the cell sensitivity is
cell death. For example, using this criterion, mature lymphocytes (white blood cells found
in the lymph nodes, spleen, thymus, tonsils and some bone marrow), erythroblasts (red
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blood cell precursors) and certain spermatogonia (testis) are highly radiosensitive
mammalian cells. The least radiosensitive cells are the muscle and nerve cells. The
radiosensitivity of a particular tissue or organ would depend on its most sensitive cell type.

There is evidence that chemicals affect the radiosensitivity of organs. For example, in
clinical radiation therapy, antibiotic actinomycin D, puromycin and 5-fluorouracil are used
to advantage to enhance tumour sensitivity (Travis 1980). On the other hand, there are
chemicals that diminish radiosensitivity and they are called radioprotective agents
(aminothiols), which can only be administered in small doses because of their severe
neurotoxicity. One example of this is potassium iodide tablets administered to pregnant
women and infants following nuclear reactor accidents (though rare) in which there may
be uncontrolled releases of radioactive iodine gases (131I, 129I, etc.). These gases, through
their deposition/absorption pathways in the environment-food-man chain, can lead to high
uptakes in the thyroid thus increasing the radiation risk to such individuals. The aim of
administering the drug is to saturate the thyroid with stable iodine thereby reducing the
ability of that organ to retain radioactive iodine. To be effective radioprotective agents, the
chemicals must be present in the cell within a short time of irradiation.

Age and sex of the individual

The developing fetus during the period of early organogenesis (first trimester of pregnancy)
is more radiosensitive. While animal studies of prenatal irradiation on the growth and
development of the mammalian embryo and fetus have shown effects of gross structural
malformations, growth retardation, embryo lethality, sterility and central nervous system
abnormalities, the most definitive human studies relate to brain development (NRC, 1990).
Recent reevaluation of the Japanese atomic bomb data indicate that the highest risk of
radiation damage to embryonic and fetal brain occurs 8-15 weeks after fertilization, and
that the damage (severe mental retardation) appears to be linearly related to the fetal
absorbed dose, above a threshold that may exist in the range of 0.2 to 0.4 Gy (Otake et.al.,
1988; NRC 1990).

5.4 Whole- and Partial-Body Exposures and Effects

While it is apparent from the preceding brief discussion that many factors are involved in
radiation damage, it is equally important to discuss the overall response of biological
organs and the whole body to irradiation. When the entire body is irradiated, all organs are
exposed to varying degrees with some organs receiving higher doses than others. This dose
variation among organs depends on many factors: the type of radiation involved, the
dimension and/or activity of the radiation source, the radiation source-organ distance, the
radiation absorption properties of the organ, etc. The overall effect, however, will be a
summation of the specific organs and tissues so affected with the most significant
contribution coming from vital body systems such as the haematopoietic and
gastrointestinal systems (Table 5-1).

If, however, only a portion of the body is irradiated (i.e. partial-body irradiation), the
response of the organism would be determined by the nature of the tissue irradiated and
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by the radiation dose incurred. Radiation therapy usually involves partial-body irradiation
in which the exposure field is limited as much as possible to the specific tissue(s) or
organ(s) being treated.

In general, radiation exposures may be considered acute or chronic: acute exposures refer
to situations where a large dose is delivered during a relatively short time interval; chronic
exposures refer to situations where small doses are delivered over protracted or long
periods. Effects associated with acute exposures manifest themselves in a time frame
approximately inversely proportional to the dose incurred. Table 5-1 provides some
indication of the degree of injury and clinical symptoms that could occur from receiving
various acute whole-body exposures. Despite the limited human data available from
radiation accidents or wartime exposures, the values indicated are representative
compromises and should be considered for relative orientation purposes only. The reader
is, however, justified in concluding that receiving a dose equivalent of 0.01 Sv (1 rem) to
the whole body would not cause a person to feel any effect but an acute dose equivalent
of 5 Sv (500 rem) would probably result in death. It is important to recognize that the
clinical symptoms presented would be directly proportional to the whole-body dose
incurred.

Chronic exposures are more subtle and may develop within years to decades (also referred
to as the delayed effects of radiation). In general, the effects of radiation damage that
manifest during an individual's lifetime are called somatic and those that occur in the
progeny of the exposed individual are called genetic. Carcinogenesis remains the primary
somatic effect of concern. It is viewed as a multi-step process in which two or more
intracellular events are required to transform a normal cell into a cancer cell. Experimental
studies have identified carcinogenesis as having three distinct and separate stages:
initiation, promotion, and progression (NRC 1990). Radiation damage of genetic material
contained in reproductive cells results in mutations, which may be passed on to succeeding
generations. The genetic effects of radiation can be detected through visible chromosomal
abnormalities, spontaneous abortions, congenital malformations or premature death. There
are some difficulties in measuring the genetic effects in a human population: (1) induction
of mutations can also be caused by chemicals in the environment; (2) radiation induced
mutations also occur spontaneously, thus, it would be difficult to estimate the small
increment of mutations induced by radiation above that from spontaneous background
radiation; and (3) long-term follow-up studies spanning generations over the human life
cycle would need to be analyzed. In experimental organisms, the majority of new mutations
with detectable effects are harmful, and it is assumed that humans are affected similarly.
In its 1988 report, the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) stresses that there are still no direct data in man on the induction
of hereditary diseases by radiation; and, this is further supported in the recent BEIR V
report (NRC, 1990). To estimate the risk of hereditary diseases in man, use of data
obtained from mammalian species suitably corrected to accord with what is known of
human genetics is suggested.
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For low LET radiation at low doses (< 0.2 Gy) and dose rates < 0.5 Gy min \ radiation-
related cancer induction in an exposed population will almost always be masked by the
larger effects of other factors (UNSCEAR 1988).

Table 5-1: Acute whole-body exposures (expressed in sievert (Sv) and the corresponding
clinical symptoms in man (Casarett 1968; NCRP 1974; Connolly 1978).

Effective Dose C | j n i c a | s y m p t o m s

0.05-.25 Threshold of detectable effects (e.g. chromosomal damage).

0.25-1.0 Detectable temporary blood changes.

1-2 Nausea, fatigue and blood changes. Expect 100% recovery from these
symptoms.

4.5±1a Mainly haematopoietic system (lymphocytes, granulocytes, platelets,
etc.) affected, causing nausea, vomiting and diarrhoea. Death could
occur in a matter of weeks without medical rescue medications.

6-20 Gastrointestinal (G.1) syndrome (loss of appetite, lethargy, depression)
predominates, depressed food and fluid intake, decreased absorbtion in
the G.I. tract. Death occurs in about a week or days.

30-100 Central nervous system collapses leading to shock, various stages of
consciousness with coma being the most severe. Death inevitably
occurs within hours.

a This is the LD50(30) (lethal dose) meaning that 50% of individuals receiving such an effective dose would die
in 30 days.
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Problems

5-1 A person had two radiographs taken of the chest over the weekend with known skin
entrance exposure per radiograph of 9.0 uC kg ' (35 mR). The person is deeply concerned
about the health effects of this radiation exposure. What intelligent information can you
give this person about the biological effect of the exposure incurred?

5-2 A person repairing an x-ray machine estimated that his index finger was in the field of
radiation for about 10 minutes. The person used a survey meter and obtained an air
exposure rate of 1.8 mC kg' h"1 (7.0 R/h). What clinical symptoms should the person
expect? Will there be full recovery of the finger?

5-3 Recent controversies surrounding cold fusion in the test tube reaction suggest that neutrons
as well as photons are also present. Assuming this to be the case, what is the potential
biological hazard? (Hint: consider the radiation types.) Note: cold fusion has now been
completely discounted.
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Chapter 6

Radiation Protection Standards and Limits

For purposes of radiation protection, individuals may be classified in one of two groups:
radiation worker and member of the public. The former group refers to individuals exposed
to ionizing radiation in the course of their work, excluding medical and natural background
ionizing radiation contributions. In order to ensure somatic and genetic effects arising from
radiation use remain extremely small, radiation dose limits for the population and the
radiation worker must be established and followed. How these limits are determined may
be understood by considering the dose-response curves obtained from experimental animal
studies and the limited human data available.

Dose Response Curves and Interpretation

Curve A in Fig. 6-1 is a typical curve that demonstrates a biological response (e.g. cell
death) with a threshold as a function of dose administered. The point at which the curve
intercepts the x axis is called the threshold dose, below which no effects are manifested.
Effects associated with a threshold dose are called deterministic (non-stochastic) and are
usually tissue-specific. For example, in humans, pneumonitis of the lung may occur at a
threshold dose of -600 cGy, cataract of the eye lens may result for a threshold dose in the
range 0.6 - 1.5 Gy, permanent sterility may occur at threshold doses of -350 cGy for the
testes and 250 - 600 cGy for the ovaries (NRC 1990). Deterministic effects are certain to
occur for doses above the threshold with the severity of the effect proportional to dose.
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Figure 6-1: Curves illustrating the linear and threshold hypothesis
regarding the biological effect of low level doses.
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Curve B represents a linear curve passing through the origin where no threshold exists,
meaning that any dose involves some degree of risk. Effects associated with this linear
theory are stochastic (random). Radiation-induced cancer (carcinogenesis) is considered to
be the dominant somatic effect for which the probability of occurrence increases with any
dose of radiation administered. According to this theory if the dose is halved, the risk of
a deleterious effect is also halved. In order not to underestimate the risk from low doses,
the ICRP has assumed the linear hypothesis (curve B) to be valid and has used this
conservative assumption in estimating radiation risks and recommending dose limits.

6.2 Recommended Limits

In 1990, the ICRP revised its recommendations for radiation protection purposes and
proposed a system of radiological protection (ICRP 1991):

• No radiation practice must be adopted unless there is an identifiable benefit to mankind.

• ALARA - all exposures must be kept as low as reasonably achievable, social and
economic factors considered.

• Dose equivalent limits are not to be exceeded.

The values given in Table 6-1 are intended to limit somatic effects in individuals, heredity
effects in the immediate offspring of exposed individuals, as well as both heredity and
somatic effects in the population as a whole. The values refer to the sum of the dose
equivalents per year from external sources and from radioactivity taken into the body. They
are not to include contributions from background or medical radiations since these are
inevitable or judged to be essential for medical reasons, respectively.

Table 6-1: Recommended limits for ionizing radiation (ICRP 1991).

Applicable body organ or tissue

Whole-body (effective dose)

Lens of the eye (equivalent dose)

Skin (1 cm2) (equivalent dose)

All organs (equivalent dose)

Recommended permissible

Radiation worker"

20 mSvc

150 mSv

500 mSv

500 mSv

dose limits in a year*

Member of the public

1 mSv

15 mSv

50 mSv

a These limits are intended to prevent deterministic effects by keeping doses below the relevant threshold, and
to reduce the incidence of stochastic effects to acceptable levels by demanding that all reasonable steps be
taken to lower doses. For further details, consult the source (ICRP 1991).

b For women who are or may be pregnant, the fetus must be protected for the remainder of the pregnancy from
external sources by applying a dose equivalent limit of 2 mSv to the surface of the abdomen and from internal
sources by limiting radionuclide intakes to 1/20 ALI (Annual Limit on Intake). Thus, if a woman is exposed to
both internal and external sources, both limits apply separately and the total limit shall not exceed 1 mSv
(since the fetus is considered a member of the public).

c While effective doses of up to 50 mSv may be permitted in a single year for special circumstances, a total limit
of 100 mSv over a five-year period is recommended by the ICRP. This translates into an average annual limit
of 20 mSv y1.
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Problems

6-1 The Occupational Health and Safety Committee at a facility has to address the following
complaint from an employee:

A female operator of a Linescan Unit had 6 mammograms taken on Monday because
of a possible breast tumour. The skin entrance exposure per mammogram was 9.0 \xC
kg ' (35 mR). The operator is 2 months pregnant and claims the following:

i) The radiation exposure has affected her unborn child.

ii) The occupational weekly maximum permissible level for operators has been exceeded
and therefore she cannot continue to operate the Unit.

Discuss the validity of her claims.

6-2 During a radiation source change operation involving a transfer of a ^Co source to a
radiotherapy unit, a worker was accidentally exposed to the upper half of his body for
about 10 sec. The estimated incident dose rate to his body was 4 Gy per minute. Determine
whether his occupational limit was exceeded and discuss what preventive and post medical
management measures should be taken. (Note: ^Co is a gamma emitter with an average
energy of 1.25 MeV and a half-life of 5.26 years.)

6-3 Suppose the radiation source in problem 6-2 was 252Cf (Californium-252). Determine
whether the occupational limit was exceeded. Discuss the possible biological consequences.
(Note: 252Cf emits neutrons through spontaneous fission and decays with a 2.62 year half-
life. A prototype security screening unit [for the detection of explosives] prompted by the
December 1988 Lockerbie [Scotland] tragedy employs this source.)

6-4 Six months ago, a person unknowingly purchased a gold ring that was contaminated with
radioactive radon (Rn). If the dose rate is estimated to be 7.0 mGy h"1 at the centre of the
1.5 cm diameter ring, estimate the cumulative dose to the centre of the finger on which the
ring was worn continuously for three months. Discuss what biological effects might
manifest.

NEXT PAOE(S)
. . f t BLANK



Chapter 7

Basic Protective Measures

Three basic principles are recommended for keeping radiation exposure to personnel as low
as reasonably achievable (ALARA): shielding, control, and distance. Practical examples
that demonstrate these principles are given below.

7.1 Shielding

Because of the penetrating capabilities of photons, thick layers of concrete, water, steel or
lead (i.e. radiation shields) must be interposed between the radiation source and personnel.
Appropriate thicknesses should be calculated as illustrated by the examples that follow.

Example 7-1

Given that the leakage radiation measured at 5.0 cm from an external surface near the
tube housing of a baggage x-ray system is 5.16 x 10~5 C kg' h'1 (0.2 R h'), determine
what thickness of material is required to ensure that the unit complies with the Canadian
regulatory leakage limit (0.5 mR h'1 at 5.0 cm from any external surface of the system).
Assume the HVL in lead for the system is 2.5 mm under the most adverse operating
conditions.

One may use the relation:

^transmitted) = ^incident) ^ (EqUOtWn 7-1)

where n is the number of HVLs. Solving the equation for n, yields

">" — T /T
" ^incident) "-(transmitted)

which, upon substitution, becomes,

2" = 200 mR h'/0.5 mR h ' = 400
n log 2 = log 400
n = log 400/log 2 = 2.602/0.301 = 8.645

Therefore, the total thickness of lead material is then obtained by taking the product of
the numerical value of n (8.645) and 2.5 mm. This yields 21.6 mm of lead.

A more straightforward approach is to apply the exponential relation (Eqn 2-3):

Kt)=Ioe
MI
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where I(t) = 0.5 mR h"1; Io - 0.2 Rh"';e is the base of natural logarithms (= 2.718); u
is the linear attenuation coefficient of lead, and is equal to 0.693/HVL; and t is the
unknown thickness of lead material.

Solving the equation for t yields

t = 1

which, upon substitution of the preceding values, becomes

t = In 0.5 mR h '
0.2 R h ' = -5.9915 = 2.16 cm
(-0.693 ) -2.772

0.25 cm

Therefore a minimum thickness of 2.16 cm lead is necessary in order to ensure that
regulatory conditions are met.

Example 7-2

Suppose in example 7-1 aluminum was the only material available, estimate the
shielding thickness required.

To estimate the necessary shielding, the maximum photon energy that can be generated
from the x-ray machine needs to be known. Assuming the machine can operate at
140 kVp, then the corresponding maximum photon energy is 140 keV (Example 3-1).
With reference to Fig. 2-8, there is at 140 keV a significant difference in the mass
attenuation coefficients (u/p) between aluminum (0.15 cm2 g"1) and lead (-6.0 cm2 g"1),
meaning that the thickness of aluminum required would be substantially greater than the
thickness of lead (2.16 cm). To obtain u for use in equation 2-3, multiply the mass
attenuation coefficient (u/p) for aluminum by the density (p) of aluminum:

MAI = (M/P)AI X PAI

= 0.15 cm2 g1 x 2.70 g cm3 = 0.405 cm1

Substitute this value in the relation for the thickness of material tA1:

tA1 = ln(I(t)/L) = In (0.5 mR h'/0.2 R h ')
-u - 0.405 cm1

= 14.8 cm

The expectation that the thickness of aluminum (14.8 cm) would be considerably greater
than the thickness of lead (2.16 cm) was correct, based on atomic number and density
differences. However, the required thickness is not obtained by merely increasing the
lead thickness by the ratio of the densities of lead and aluminum tA1 * tPb x (pPb x pA1"')
because at such low energies the photoelectric effect is enhanced in high Z materials
(Fig. 2-8). This is a common error that the reader should avoid, particularly for
kilovoltage x-rays.
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7.2 Control

Minimizing the time spent in a particular radiation field is an effective control measure
against excessive radiation exposure. Further control can be obtained if the radiation field
intensity can be reduced. The following examples will demonstrate such applications to
x-ray tubes.

Example 7-3

Suppose in example 7-1, the fingers were in the direct path of the leakage radiation field
because of making mandatory adjustments near the x-ray tube head. Determine what
dose to soft tissue was incurred if the adjustment lasted 20 minutes, and when the
extremity limit of 50 mSv (5 rem) to the fingers would be exceeded. (Assume the
individual exposed is a member of the public.)

Dose received in 20 minutes = Exposure rate x Time in beam x ftissue
= 0.2 R h 1 x 20 m x l.ORrad1

= 66.7 mrad (or 0.667 mGy)
(This dose is about the same as that received by the eyes from a single slice in a 360-
degree CT scan to the brain.)

From example 7-1, the leakage radiation is 0.2 R h ' and the corresponding equivalent
dose rate (0.2 R h"1 x 1.0) becomes 2 mSv h'1 (0.2 rem h"1). The ICRP weighting factor
for skin is 0.01, meaning that the effective dose rate becomes 0.02 mSv h"1. Thus, time
to exceed the skin limit = 50 mSv/.O2 mSv h"1 = 2500 h.

Example 7-4

Determine how the exposure to the fingers can be minimized in example 7-3.

Several options or combinations thereof could be used:

(i) de-energize the x-ray tube by removing the high voltage source;

(ii) attenuate the leakage radiation level by appropriate use of shields (e.g.
lead sheet on the machine, lead gloves on the hands);

(iii) perform the task in the shortest time possible;

(iv) decrease the frequency of making that adjustment;

(v) change the equipment design to enable that adjustment to be made
elsewhere or by means other than manual;
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7.3 Distance

For most practical cases, the radiation source dimension is much smaller than the distance
at which the radiation measurement is desired. To estimate the exposure under such
situations of a divergent "point" source, the inverse square law applies:

I/Io = do
2/d\

where I = intensity at some final distance d, and Io = intensity at a known reference
distance do.

Example 7-5

Using the data of example 7-1 determine what the exposure rate would be at 0.5 meter
in the path of the leakage radiation field before and after the lead was added.

Exposure rate at 0.5 m before lead was added

= Exposure rate at 5.0 cm x (Initial distance)2

(Final distance)2

= 0.2 R h ' x ( 5.0 cm)2

( 50.0 cm)2

= 2 mR h ' (or 5.16 x 101 \xC kg1 h1)

Exposure rate at 0.5 m after lead was added

= Exposure rate at 5.0 cm (Initial distance)2

(Final distance)2

= 0.5 mR h ' x ( 5.0 cm )2

( 50.0 cm2)

= 0.5 x 102 mR h1

= 5 pR h1 (or 1.3 x 10"3 pC kg1 h1)

Note the exposure rate is now decreased by a factor of 400 with added lead and distance
combinations. (Compare this level (5 pR h"1) against the background level measured with
your survey meter at the location of a baggage x-ray system in your facility and in your
workshop area.)
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Problems

7-1 An x-ray tube operating at 190 kVp and 5 mA tube current gives an excessive exposure
rate of 2.58 x 10"3 C kg ' m ' (10.0 R/min) at a focus to detector distance (FDD) of 1 meter
due to a faulty unshielded part of the tube housing. The HVL for this x-ray beam is
0.2 mm lead (Pb), and the regulations specify that the tube leakage at that distance
(1 meter) shall not exceed 100 mR/hour.

(i) Give valid reasons for the source of leakage.

(ii) Calculate the exposure rate at 1 meter in R/hour and in SI units.

(iii) Other than using a radiation survey meter, suggest another method for identifying the
unshielded part of the tube housing.

7-2 Using the HVL concept, or other formula, determine the thickness of lead required to
ensure that the tube leakage in problem 7-1 is within the regulatory requirement.

7-3 Suppose the field size of the unshielded portion of the tube housing is 2.0 cm in diameter
and suppose the distance of the x-ray tube target to the unshielded portion of the housing
is 20 cm. Estimate the dimension of the unshielded beam at a distance of 1 meter. (Hint:
use similar triangles.)

7-4 (i) Suppose in the previous problem, a person was standing in the path of the unshielded
beam at 1 meter for 5 minutes. Determine whether that person has received an
overexposure - discuss your answer. (Hint: compare with ICRP recommended values
in Table 6-1.)

(ii) Suppose the radiation through the unshielded part of the tube housing intercepts a
wall before reaching an individual, how is the occupational exposure affected?

7-5 If the x-ray tube of problem 7-1 now operates at 150 kVp and an aluminum filter (4.5 mm
thick) was permanently affixed in the primary beam, would you expect the leakage
radiation to change? How much additional radiation shield would be required to ensure
regulatory compliance? Explain your answers.

7-6 Given the exposure rate from an x-ray unit at 50 cm is 100 mR/hour. Determine:

(i) What is the exposure rate if the distance from the unit is doubled?

(ii) Discuss what steps must be taken to protect a staff person who is occupying a
position 2.0 meter away from the x-ray tube. The new limit is 1 mSv per year.

NEXT PAOE(S) I _
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Chapter 8

Risk Management and Safety Considerations

8.1 Risk Management

Almost all human activity carries with it an element of risk. By risk, we mean the
probability of damage or injury accruing from an activity.

Risk-taking is a part of life, a fact often not acknowledged. Many of us engage in activities
without fully realizing what the risks are and, when we do, few take steps to reduce the
risks if judged to be high while others deliberately ignore them. For example, sitting on
a chair, a voluntary routine activity engaged by most individuals, carries a finite but albeit
low risk. The chair can collapse suddenly and the consequence of this could result in minor
bruises or cuts, or more serious spinal or head injury to the occupant. When we hear of the
occasional chair-injury incident, we either take some corrective action to prevent its
recurrence or accept it without complaint. Nevertheless, we sit on chairs because they
provide us with a level of comfort that we judge to be more beneficial than the
consequential risks.

In general we react the same way when we hear of a person struck and killed by lightning,
a naturally occurring event. We may warn others of the danger of remaining outdoors
during thunderstorms (especially under tall trees and poles) or accept the fatality because
it is judged to be low within our own risk-benefit reference frame. Whenever we make a
decision to take corrective action, the ultimate aim is to lower the risk associated with that
activity. Alternatively, the lowest risk of that activity is achieved by not engaging in the
activity.

Society has learned to recognize and accept the risks associated with naturally occurring
events. Therefore, it appears reasonable to use the mortality rate from natural hazards to
make comparisons of various activities (Fig. 8-1).

As shown in Table 8-1, there are voluntary activities that present significantly higher risks
than naturally occurring events, such as storms, floods, tornadoes, earthquakes. For
instance, if one compares the number of deaths (due to lung cancer) from smoking 20
cigarettes per day (5000) with the number of deaths from being struck by lightning (0.1),
one finds that the chance or risk of contacting fatal lung cancer from smoking that many
cigarettes increases 50,000 times. Yet a large number of individuals continue to smoke
cigarettes every day, an activity that presents an excessive lung cancer risk and no
justifiable benefit (unacceptable region in Figure 8-1). In order to achieve the lowest risk
possible for any activity, it is clear that avoidance of the activity is the only choice.
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RISK

EXCESSIVE

HIGH

MODERATE

LOW

NEGLIGIBLE

Unacceptable

_

-

Acceptable

BENEFIT

Natural hazard
mortality rate

Figure 8-1: Relative risk-benefit pattern representative of society.

For high-risk, low-benefit voluntary activities (e.g. mountain climbing, swimming in the
ocean at night) many individuals would seek an action that reduces the risk and increases
the benefit to an acceptable level (shown by the dotted line with arrow in Figure 8-1), or
completely avoid the activity. Although the latter strategy is entirely valid for voluntary
activities, some individuals may say that activities are imposed upon us by an authority,
and this could lead to difficulties in the workplace. Such concerns can be resolved easily
if it is realized that we earn our livelihood by working at jobs and occupations, all of
which involve various activities that each carry an element of risk. While a reasonable
amount of resources can be allocated to reduce high-risk activities to a level judged to be
acceptable by society, no job or occupation is absolutely risk free (see Table 8-2). Even
working in the finance industry, considered by society to be purely administrative, carries
a low risk. Thus, safety must be discussed in a relative context since there is no activity
that is "absolutely safe".
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Table 8-1:

Class

Some examples of

Activity

Specific

voluntary and involuntary risks (adapted from

Deaths
persons

Kletz 1977)8.

per106

per year

Voluntary Smoking (20 cigarettes/day)
Drinking (1 bottle wine/day)
Car-racing
Rock-climbing
Car driving
Motorcycling
Taking contraceptive pills

Involuntary Floods (U.S.)
Earthquakes (California)
Tornadoes (Mid-west U.S.)
Storms (U.S.)
Lightning (U.K.)
Release from atomic power station (U.S.;
- at site boundary
- at 1 km (U.K.)
Flooding of dykes
Leukaemia
Influenza
Meteorite

5000
75

1200
140
170

20000
20

2.2
1.7
2.2
0.8
0.1

0.1
0.1
0.1

80
200

0.00006

a Based on 1977 data.

Table 8-2: Occupational death risks of some Canadian industries (Johnson and Tutiah
1985)a.

Industry Deaths per 100,000
workers per year

Finance
Services
Trade and commerce
Manufacturing
Public administration
Agriculture
Transportation
Construction
Mining
Forestry
Fishing

1.5
3.5
5.4

11.5
11.9
14.0
28.2
43.6

111.1
123.7
188.6

Based on 1972-1981 data.

Thus, in order to reduce unacceptably high risks to a level acceptable to society, a complex
array of regulatory requirements, codes and guidelines of safe practices, improved accident
analysis techniques and educational programs can be applied.
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The regulatory aspects of baggage x-ray systems are summarized and special safety
procedures including field data will be presented and discussed in subsequent sections.

8.2 Equipment Regulations

To reduce the probability of radiation accidents that can lead to injury (either acute or
chronic), equipment must conform to established mandatory standards.

The 1970 Radiation Emitting Devices (RED) Act (DNHW 1970) and its 1984 amendments
(DNHW 1984) passed by the Canadian Parliament, provide the legislative basis for the
promulgation of regulations on x-ray producing equipment. Baggage x-ray equipment must
comply with the standards specified in Schedule II, Part IV of the RED regulations
(DNHW 1976). Brief interpretations of some regulatory items are presented in Table 8-3.

Table 8-3: Interpretations of regulatory items.

Item Purpose

Shielding

Interlock

Warning signs and light indicators

Keylock

Deadman-type exposure control

Conveyorized transport system

Leakage radiation limitation8

Manufacturer identification

Ensures leakage levels do not present a radiation
hazard

Prevents unnecessary exposure in high radiation
zones (e.g. doors and access openings)

Alerts individuals regarding x-ray equipment,
potential hazard and attendant risks

Prevents unauthorized use

Demands operator consciousness for proper
equipment use

Eliminates manual opening and closing of doors for
insertion and retrieval of items to be x-rayed, and
reduces attendant risks

Assures risks are same as background radiation

Establishes direction for pursuing regulatory
corrective measures, legal liability and prosecution
(financial valuation to victims)

Not to exceed 0.13 \xC kg'1 h-1 (0.5 mR h') at 5.0 cm from any external surface of the equipment under the
most adverse conditions of use (DNHW 1976).

8.3 Safety Guidelines

While no activity is absolutely risk free, the human detriment incurred could be reduced
to a level that is so low that the activity is judged to be acceptable. This may, in part, be
achieved through intuition and education and through adherence to established practices
and guidelines.
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Over the past few years, two field maintenance situations were encountered for which
specific guidance was required to ensure risks were kept low: (1) relocation of x-ray
equipment, and (2) replacement of the x-ray tube or its leaded housing. The corresponding
guidelines (EHD 1993) are given in Appendix I.

In 1986, a review of the equipment operator training program in conjunction with an on-
site audit of operational practices at one of the busiest facilities (Toronto, Canada)
demonstrated evidence of operator complacency. This resulted in the issuance of a bulletin
(SEPG 1988), intended to increase safety awareness among equipment operators. These
measures are also reflected in the revised Safety Code 29 (EHD 1993).

While it is fully realized that personal characteristics influence one's perception of risks
(Starr and Whipple 1969; Johnson and Fisher 1989; Gardner and Gould 1989), the
approach of issuing guidelines, safety codes and safe operating practices is judged to be
reasonable so as to minimize the human detriment at a level in the neighbourhood of the
natural-hazard mortality rate (Fig. 8-1). A person who exercises judgement and common
sense in reducing the risks associated with his or her daily voluntary activities is also
committed to follow through with this attitude in the workplace. It is important for the
reader to understand that failure to follow established and recommended safety procedures
and guidelines would inevitably increase the radiation risk to unacceptable levels.

8.4 Safety Studies on Baggage X-Ray Systems

Although baggage x-ray systems are designed and checked for regulatory compliance, and
personnel operating and servicing these systems have been trained, studies conducted on
such systems provide guidance regarding potential risks. This is necessary in the interest
of human health considering that current airport security screening operations inevitably
bring a significant fraction of the public (air-travellers) near these systems.

Although the scientific literature on radiation hazards from such systems is small, it is
instructive to review briefly the findings of past studies.

8.4.1 Past studies

Evaluations performed in the late 1970s showed that systems were successfully designed
to comply with regulatory standards established in Canada (Rabin and Zuk 1978) and in
the United States (Schellenbaum 1979); however, the former study reported higher levels
at the tube housing assembly.

In 1976 a dosimetric study (Seinsintaffer et al. 1976) was conducted in the United States
to investigate the equivalent dose to equipment operators. TLD dosimeters worn by
operators revealed occupational exposures that ranged from 0 to 4.2 \xC kg"1 (0-16.4 tnR)
over a two week period. There was little difference noted between the whole-body and
extremity exposures, and in no case was the Occupational Safety and Health
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Administration (OSHA 1976) limit of 50 mSv (5 rem) in a year exceeded. Other studies
(Schellenbaum 1979; Holder 1975) also indicated that operator exposures were low.

A 1985 study revealed that lead drapes, interlocks and stray radiation still warrant attention
in spite of improved designs (Maharaj and Shrives, 1985). Present generation equipment
is characteristic of highly collimated narrow beams (field size ~ 70 cm x 0.5 cm),
photodiode detection systems and digital imaging devices. Because of the narrow beam
designs, the primary and secondary radiation levels are far lower than those generated on
the old baggage x-ray systems, such as the Picker SPL models.

The stray radiation from baggage x-ray systems was analyzed (Maharaj 1989) in some
detail for possible radiological hazards. Several important findings were revealed by the
study that was based on equipment survey data and on predictions using a semi-empirical
model. First, there is evidence that damaged lead drapes at the exit and entrance ports of
the irradiation cabinet can cause stray radiation to exceed the regulatory limit (0.5 mR h '
at 5.0 cm from any external surface of the systems). Thus, defective lead drapes must be
replaced. Second, even at the highest leakage radiation (2.5 mR h ') encountered over the
8-year (1978-1985) period investigated, the calculated exposure estimates are below the
ICRP recommended limit (Table 6-1) for the equipment operator. Third, the study firmly
established that equipment operators are not radiation workers, and personnel monitors are
not required. Fourth, there is no evidence of a health hazard to allied security staff, law
enforcement officers and members of the travelling public. Finally, educating personnel,
conducting periodic reviews of operating and maintenance procedures, and monitoring
equipment design changes would preclude a radiation hazard despite a decreased frequency
in routine surveillance of new equipment.

8.4.2 Present and future considerations

While it is difficult to predict the future, it is apparent that baggage x-ray system
applications will continue for many years, based on the current mood of international
security. In an effort to ensure that human health is not compromised in such applications
and in light of the lower radiation limits recommended recently by the ICRP (ICRP 1991),
several measures appear warranted. First, new equipment designs must be assessed against
current safety standards established in other industries. Second, the equipment regulations
and safety requirements (set out in Safety Codes) must be amended and reviewed
periodically to reflect state-of-the-art technology. Third, the education of maintenance staff,
operating staff and users, including members of the lay public must continue.
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Appendix I

Field-Maintenance Guidelines

It is not possible to provide guidance for all scenarios that could potentially lead to hazardous x-ray
exposure; however, guidelines are provided below for: 1) moving and/or relocating x-ray inspection
systems; and 2) replacing the x-ray tube or its leaded housing. Facilities using baggage x-ray
inspection systems should incorporate the guidelines in their maintenance program.

(1) Moving and/or relocating x-ray inspection systems

Moving and/or relocating x-ray inspection systems can affect components critical to safety.
If a baggage x-ray inspection system is moved and/or relocated, maintenance personnel
and/or other suitably qualified person (e.g. a senior operator) on site, appointed by the
equipment owner or the equipment owner designate, must observe the following procedures:

(i) test and ensure that all safety interlocks are functioning properly as intended by design;

(ii) examine and ensure that all radiation shields are free from structural damage (i.e.
puncture, hole, dent, missing part);

(iii) examine and ensure that the lead clamps, which hold the anode and cathode terminals
onto the chassis of the x-ray tube housing assembly, are positioned correctly;

(iv) conduct the normal in-beam quality imaging-tests and, if discrepancies exist, investigate
the x-ray tube assembly, the collimator setting, and the radiation exposure parameters
(tube current, high voltage, filters, etc.) for possible causes; and

(v) ensure all problems are resolved satisfactorily before the x-ray inspection system is
used.

Moves of a few centimetres may not warrant all these procedures. If an ionization chamber
survey meter is used for performing in-beam quality imaging-tests, the average meter
readings must be compared with those taken before the x-ray inspection system was moved,
and differences of more than 10% must be investigated. The proper functioning of the survey
meter should be checked first, followed by the items indicated in (iv) above.

(2) Replacing the x-ray tube or its shielded housing

Whenever an x-ray tube or its shielded housing is to be replaced, strict adherence to the
manufacturer's instructions as indicated in the maintenance manual must be followed, in
addition to the procedures indicated below.
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(i) Identify and mark clearly 5 or 6 positions (where radiation measurements will be made)
at the top and at the sides of the x-ray tube-head assembly cover, before proceeding
with the intended replacement task.

(ii) Make and record radiation measurements (using the "rate mode" option provided on
the ionization chamber radiation survey meter provided) at each chosen position while
the x-ray system is emitting x-rays in the continuous mode under normal operating
conditions.

(iii) Remove the x-ray tube-head assembly cover and follow the appropriate manufacturer's
procedures to complete the intended replacement task.

(iv) Replace the x-ray tube-head assembly cover, and repeat procedure (2)(ii).

(v) Compare the average meter (rate) readings obtained in procedures (2)(ii) and (2)(iv)
and, if differences greater than 10% occur identify and correct the problem (check the
survey meter for proper functioning, review the replacement operation for possible
omission of component parts or improper installation, and repeat the radiation
measurements and comparison procedures cyclically until differences less than or equal
to 10% are achieved).

(vi) Examine and ensure that the lead clamps that hold the anode and cathode terminals
onto the chassis of the x-ray tube housing assembly are positioned correctly.

(vii) Ensure all problems are resolved satisfactorily before the x-ray system is released for
use.

If problems arise during the preceding field situations or other circumstances, maintenance
personnel must maintain proper records, inform the equipment owner or equipment owner
designate of such problems, and take appropriate corrective actions. If problems persist,
contact the appropriate radiation protection regulatory authority (facilities under federal
jurisdiction may contact the X-ray Section of the Radiation Protection Bureau (BRP) Health
Canada, Ottawa, Ontario, and facilities under provincial jurisdiction should consult the
appropriate agency in its province for relevant information and details). If there are no
problems, the x-ray inspection systems may be returned into operation.
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Solutions to Problems

Chapter 2

Page

Problem 2-1

Problem 2-2

Problem 2-3

Problem 2-4

Problem 2-5

Problem 2-6

Use the equation, c = Xv. The wavelength (X) of the radiation is 18
0.15 m, and the speed of light (c) is 3.0 x 108 m s"1. Rearranging the
equation and solving for \) yields a frequency of 2 x 109 s '.

The energy of one quantum of radiation (using equation 2-1: Ey = hx>,
where h is Planck's constant equal to 6.61 x 10"34 J s, and t> is 2 x 109

s1) is 1.3 x 1024 J.

Since the wavelength is given in A, equation 2-2: [Ey(eV) = 1.24 x 18
104/A,(A)] may be used. The energies corresponding to 4000 A and 7000
A are 3.1 eV and 1.77 eV, respectively. Alternatively, one may use the
relation, c = Xx> and solve for D, then substitute the value for x> in
equation 2-1 (EY = h\)) to yield 3.1 eV and 1.77 eV corresponding to
4000 A and 7000 A photons, respectively.
(Note: the short wavelength photon is more energetic.)

Similar approach as given for the solution in problem 2-2. Use equation 18
2-2 [EY(eV) = 1.24 x 104/^(A)], and the result becomes 3.54 eV.

Control exposure time to direct sunlight during mid-morning to mid-
afternoon that is at periods when solar radiation intensities are high.

For one HVL thickness, I(t) = 0.5I0. Substituting 0.5I0 for I(t) in 18
equation 2-3 [I(t) = Io e"

Mt], replacing t by HVL, and taking logarithms
on both sides of the equation yields In 0.5 = - (J HVL, which upon
simplification and rearrangement, becomes: 0.693/HVL = u.

Since the intensity decreases by one-half for every HVL inserted in the 18
beam, three HVLs would affect the intensity by 1/2", where n is the
number of HVLs. That is, the intensity would decrease by a factor of 8.

For 250 keV photons, the least effective 1-cm thick shield would be 18
masonite and the most effective would be stainless steel. The same
situation would exist for the 8 MeV photon beam, except that it would
be cheaper to use more concrete slabs than the required number of steel
slabs to achieve the desired attenuation.
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Problem 2-7

Problem 2-8

In a Compton interaction energy must be conserved. Thus, the scattered
photon would have an energy of about 85 keV depending on the
binding energy of the electron in the atom. This photon can continue to
make successive Compton interactions with atoms in the host medium
and, as the energy of the scattered photon decreases, a photoelectric
interaction becomes probable. In a photoelectric event the 100 keV
photon would eject an inner shell electron whose kinetic energy would
be equal to the difference of the photon energy and the binding energy
of the electron in that shell. The secondary electrons produced in these
interactions have high kinetic energies, and they make a large number
of excitation and ionization reactions with host-atom electrons before
coming to rest. These latter reactions are responsible for initiating
damage in biological media.

Using the relation, u = 0.693/HVL, and making the substitution for the
HVL thickness (t = 0.3 cm), u becomes 2.31 cm"'. The mass attenuation
coefficient is the ratio of the linear attenuation coefficient | j , and the
density p, of aluminum. The density of aluminum is 2.7 g cm'3 and, jj/p
becomes 0.856 cm2 g"1. At 80 kVp the HVL would be less than 3.0 mm
of aluminum (because the x-ray spectrum is softer than the x-ray
spectrum produced at 120 kVp and less material would be needed to
attenuate the beam to one-half its original intensity). Therefore, u would
be higher at 80 kVp and the corresponding mass attenuation coefficient
|u/p, would also be higher.
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18

18

Problem 3-1

Problem 3-2

Chapter 3

Presence of air in the x-ray tube would not only oxidize the filament 23
but also slow down the electrons as they travel from the cathode and
filament region to the anode (because of collisions). There would be a
decrease in radiation exposure when this is measured at a fixed
reference point in the radiation beam, and a decrease in tube current that
would be zero.

The intensity of x-rays is directly proportional to kilovoltage raised to 23
the power of about 2. Thus, for a drop in kilovoltage from 120 kVp to
80 kVp, the intensity would decrease to about 0.444 (or 44.4 %) of the
original intensity.
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Problem 3-3 There are four factors that influence x-ray emissions from the x-ray 23
tube: (1) the applied potential, high voltages (e.g. 500 kVp) would
produce more x-rays not only in intensity but also in energy compared
to low voltages (e.g. 50 kVp); (2) tube current, the higher the tube
current the more x-rays are produced; (3) the target material, high
atomic number materials (e.g. tungsten) would produce more x-rays
than low atomic number materials (e.g. chromium); (4) the vacuum,
without a vacuum the electrons will strike air molecules and lose kinetic
energy and would therefore be unable to penetrate the electronic shells
of target atoms.

Problem 3-4 (i) Irradiating milk (or any other material) with 160 keV photons 23
(i.e. the maximum photon energy possible for an x-ray tube
operating at 160 kVp) cannot induce radioactivity. For
radioactivity to be induced by photon irradiation, the photons
must have energies greater than about 5 MeV. (Five MeV is
about the threshold photon energy for photonuclear interactions,
that is, interactions for which photons make collisions with the
nucleus of an atom, causing the nucleus to become unstable and
therefore radioactive.) However, milk contains traces of long
lived radionuclides of which Cesium-137 (half-life 30.1 year) and
Strontium-90 (half-life 28.5 year) are typical examples. These are
found globally as fallout due to atomic weapons testing
conducted in the early 1960s through the 1970s. Thus, while
radioactivity at trace levels may be found in the milk sample, it
is not caused by irradiation in the x-ray machine. In order to
cause radioactivity, the photon energy has to be increased by a
factor of about 31 compared to the energy generated by the
Linescan inspection systems.

(ii) Turning off the high voltage means that the electrons generated
in the x-ray tube cannot impact the target at high velocities and,
therefore, x-rays cannot be produced. Furthermore, the photons do
not "linger" as one would expect when a small amount of gas is
released at the nozzle of a propane gas-barbecue container for a
few minutes before the nozzle is lit. It is safe to remove the milk
sample from inside the x-ray machine when the high voltage is
de-energized.
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Problem 4-1

Problem 4-2

Problem 4-3

Problem 4-4

Problem 4-5

Chapter 4

The solution is similar to example 4-1 in this book.

The calibrated exposure rate is equal to the Instrument reading x
instrument calibration factor consistent with the radiation energy.
Substituting 63.2 mR h ' and 1.042 for the exposure and the calibration
factor, respectively, the product becomes 65.9 mR h"'.

Corrected exposure rate = calibrated exposure rate x correction for
temperature and pressure

= 65.9 mR h1 x [(273+25/273+22) x (101.3/100.3)]
= 67.2 mR h1.

Ignoring the temperature and pressure corrections would result in 2%
error (67.2/65.9 x 100%).

Since two different detectors are used, it is expected that their response
would differ when subject to the same intensity beam because of
differences in photon energy sensitivities, air volumes, wall material and
construction features.

Model 471 integrated reading is 758 mR in 15 traverses, and Model 660
integrated reading is 943 mR in 15 traverses.

Belt speed is 20 cm per second, therefore the time the detectors were in
the radiation beam becomes (75 cm/20 cm s~') 3.75 s per traverse.
Therefore, the total time the detectors were in the radiation field is
(3.75 s per traverse x 15 traverses) 56.25 s. Thus the exposure rate,
using the calibration factor for the Model 660, becomes (943 mR x
1.042/56.25 s) 17.47 mR s1.

For the Model 471 instrument, the integrated reading is 758 mR, and
the total time the detector traversed the beam is 56.25 s. Since the
cumulative exposure as measured by the calibrated detector is (943 x
1.042) 982.6 mR, the other instrument must yield the same result,
therefore the calibration factor becomes (982.6 mR/758 mR) 1.30.

Use another calibrated dosimeter that would yield the same integrated
exposure after account is taken of the appropriate correction factors. In
principle, if an x-ray sensitive film is used, an optical density versus
exposure curve developed at the energy of the radiation beam is
necessary to correlate film blackening to exposure. Similarly, TLDs
would have to be calibrated.
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Problem 4-6 Overall the instrument readings will be lower because: (1) the field is
now about 0.5 cm wide compared to 75 cm, that is, a factor of (75/0.5)
150, meaning a smaller beam of photons is incident on the detector; (2)
only a small slice (0.5 cm) of the detector ionization chamber is being
irradiated successively as the detector traverses through the unit, that is,
the detector senses small increments of radiation at a time; and (3) the
differences in the detector volumes, sensitivities, construction materials,
design, etc., are more pronounced for small beams than the case in
which the radiation field is larger than the ionization chamber cavity
dimension.

Problem 4-7 (1)

(2)

Sources of discrepancy: (a) radiation meters used may be
different or, they may be malfunctioning; (b) collimator settings
may have changed; (c) operating parameters (kVp, mA) may have
changed and the added filter may be displaced from its normal
position; (d) the x-ray tube may be showing early signs of de-
vacuuming (ambient air diffusion into the tube); (e) the radiation
meters may have been aligned differently with respect to the
central axis, the beam profile is flat about 10 cm on either side of
the central axis at conveyor belt level.

Only small slices (corresponding to the beam width) of the
ionization chamber are irradiated sequentially as the detector
traverses through the radiation cabinet. Thus, the readings are due
to a partial volume detector response; and the instrument readings
so obtained are not exposures. Correction factors to account for
these affects need to be applied to the detector readings in order
to obtain the exposure.
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Problem 5-1

Chapter 5

Medical exposures, prescribed by a physician, are perceived to be
necessary to make informed diagnosis and treatment decisions in order
to improve the quality of life of the individual exposed to radiation. At
this level (2x 35 mR = 70 mR), no biological effects would be apparent.
While cellular damage is expected to recover, the recovery is never
perfect; thus, there is a small risk of receiving the radiation exposure
that is outweighed by the benefit of improving the quality of life of the
recipient.

44
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Problem 5-2 The dose estimated to the finger is 1.2 rad (7.0 R h ' x 1/6 h), using a 44
dose conversion factor of 0.01 cGy per R (1 rad per R). This is an acute
accidental exposure that will not present any effect, either at the time of
irradiation or later. Full recovery is expected.

Problem 5-3 If two nuclides can react to form a new compound nucleus, the reaction 44
not only releases a large amount of heat but causes the emission of
nuclear particles (neutrons and protons). This is the fusion reaction. The
compound nucleus so formed may be unstable and, therefore,
radioactive. Because the neutron(s) emitted is high LET radiation, the
radiological risk, compared to a photon, which is low LET radiation,
would be higher depending on the neutron(s) energy and flux (i.e. the
number of neutrons detected per unit area per unit time on a detector).

Chapter 6

Problem 6-1 (i) The decision to have a mammogram is presumably one for which 47
the benefits outweigh the risks, made by the operator in
conjunction with advice and consultation of the attending
physician. An operator who is believed to be pregnant is
obligated to inform the physician of the pregnancy whenever
medical diagnosis and treatment involve radiation use, in exactly
the same manner a patient would respond when asked by the
physician about the current use of prescription drugs. This would
lead to discussions between the patient and physician about the
risks associated by not having the examination, and the benefits
to be accrued by having the examination, thereby, resulting in an
informed decision.

When the primary beam is incident on the breast, unavoidably
scattered radiation is produced because of photon interactions
with tissues in the beam path. Because the fetus is at some
distance from the primary beam (which is incident on the breast),
the scattered radiation is attenuated by intermediary body tissues
thereby resulting in a decreased intensity reaching the fetus.
(Since dose reduction data is not available for the mammogram
examination, one may use comparable data: for a single 360
degree CT scan to the head, the dose reduction to the thyroid is
reduced by a factor of 100, and to the ovaries is about 100,000.)
Assuming the intensity is reduced by a factor of 100, the
estimated dose to the fetus would be 2.1 mrad (using the
approximation that 1 mR~l mrad). This translates to 2.1 mrem,
which is approximately what the fetus would receive in one
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month from the internally deposited Potassium-40. Recent
evidence, based on a reassessment of the Japanese atomic-bomb
survivors data, indicates that mental retardation was prevalent in
those irradiated in-utero during weeks 8 to 15 with the effect
appearing to increase with dose in a linear manner, although the
data do not exclude a threshold in the range of 20-40 rad (NRC
1990). There is no evidence that exposure to radiation at levels
comparable to background values would present a risk to the
fetus.

(ii) The new limit ICRP recommended (ICRP 1991) for a radiation
worker who is pregnant is 2 mSv (200 mrem) to the surface of
the abdomen after pregnancy is diagnosed, with the assumption
that the resulting dose equivalent to the fetus is unlikely to
exceed 1 mSv. It is inappropriate to include medical exposures
incurred when assessing if occupational doses have exceeded the
ICRP recommended dose equivalent limits. Medical exposures are
intended to provide direct benefit to the exposed individual.

Numerous surveys and recent evidence (Maharaj 1989) on the
Linescan systems have demonstrated that exposures at operator
positions are indistinguishable from natural background levels,
and there is no evidence of a health hazard. Therefore, the
operator should continue to perform the duties assigned unless
other medical problems emerge in which case solutions mutually
agreeable between the employer and the employee should be
considered.

Problem 6-2 The dose estimated to the upper half of the body is 66.7 rad (400 rad 47
per minute times 1/6 minute). Assuming the dose is uniformly
distributed and using the ICRP tissue weighting factors (0.12 for the
stomach; 0.012 for the lung; 0.05 for the breast; and 0.05 for the
remainder organs), the effective dose becomes 30 mSv, which exceeds
the ICRP recommended whole-body limit of 20 mSv (2 rem) for a
radiation worker. However, although the upper half of the body was
exposed and most of the essential organs are in this region, no clinical
symptoms are expected at 66.7 rad. The lens of the eyes are
radiosensitive but there would be no risk to cataract formation even if
they were in the beam during the incident. The dose threshold for such
effects in persons treated with x-rays to the eye has been observed at
about 2 Gy (200 rad) given in a single treatment and about 5 Gy
(500 rad) when the dose was given in multiple exposures over a period
of weeks (NRC 1990). The cause of the accident must be investigated
and problems (e.g. personnel training, improper procedures and/or tools,
faulty equipment) corrected accordingly.
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Problem 6-3

Problem 6-4

The situation would be more severe than the one discussed in the
preceding problem because of the mixed (neutron-gamma) radiations
produced by the source. Californium-252 decays by alpha emission
(96.9%) and the radioactive daughters formed emit gamma radiation,
and by spontaneous fission (3.1%) in which neutrons (about 3.76
neutron per fission) of average energy 2.348 MeV are produced. Per
gram of californium-252, the neutron effective dose in air at 1 meter is
reported to be 2.2 x 103 rem per hour, and for the gamma radiation the
effective dose in air at 1 meter is 1.6 x 102 rem per hour (Chopin and
Rydberg 1980). From these effective dose rates, it is therefore apparent
that the effective dose to the upper half of the body would be at least an
order of magnitude higher than 66.7 rem, which is the effective dose
incurred with the cobalt-60 source situation discussed in the previous
problem. The eye lens are particularly sensitive to neutrons and cataract
is most likely since the threshold dose appears to be lower with
neutrons (NRC 1990). Induction of pneumonitis in the lung is another
possibility. Changes and alterations in the cell would be widely and
randomly distributed and may not be grossly observable for some time
and could in fact accumulate with time, thus, carcinogenesis is possible.
Extended hospitalization and surveillance would appear warranted.
Similarly, the cause of the accident must be investigated and corrective
measures taken to prevent recurrence.

The dose estimated to the centre of the finger (probably the hottest spot)
is 15.12 Gy (3 month x 30 day per month x 24 hour per day x 7.0 mGy
per hour). This dose is incurred at a very low dose rate and over a long
time period, and no effects are expected. However, since the exposure
from the ring is unnecessary, it would be a prudent measure to avoid
wearing the ring based on the "as low as reasonably achievable
(ALARA)" guideline used in radiation protection.
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Problem 7-1 (i)

(ii)

Chapter 7

Poor tube housing design - an indicator of improper quality
control. Either insufficient lead was used or voids (air bubbles)
are present in the leaded portion of the tube during manufacture.

Since the exposure rate is given in minutes, a simple
multiplication by 60 min would give the rate, 600 R/hour.
Expressing the rate in SI unit becomes 1.55 x 10' C kg ' h"'.

53
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Page

Problem 7-2

Problem 7-3

(iii) Affixing x-ray film on the tube housing surface, operating the
x-ray tube for a brief period (a few seconds), and then processing
the film would reveal dark and light areas on the film. The dark
regions mean radiation exposure has occurred and the light areas
mean no radiation exposure has occurred. Similarly, the same
approach could be used with x-ray sensitive paper instead of
x-ray film. There is considerable time-savings to be gained with
the former material than the latter since discoloration on the
paper is immediately apparent whereas the x-ray film would need
to be chemically developed and fixed, and this procedure not only
takes considerable time but requires specific reagents and
techniques.

The approach is similar to example 7-1. Using equation 7-1, making the
necessary substitutions and rearrangement, n = log (600 R h'/O.l R h"1)/
(log 2), which yields 12.55. A simple multiplication of 12.55 HVLs and
0.2 mm of lead per HVL gives 2.51 mm of lead as the thickness of lead
material required. Alternatively, equation 2-3 (I(t)=Ioe~Mt) may be used.
Making the necessary substitutions and rearranging the equation and
solving for t becomes: t = [In (0.1 R h]/600 R h')]/-(.693/.2 mm), which
yields 2.51 mm of lead as the thickness required to establish regulatory
compliance.

Using similar triangles [(2.0 cm/20 cm)=(x cm/100 cm)], the field size at
one meter x, has a diameter of 10 cm.

Problem 7-4 (i)

(ii)

A five minute duration in the beam gives an exposure of 50 R. If
the person is a radiation worker, the tissue weighting factor (0.05)
for the remainder organs translates the exposure to a whole-body
effective dose of 25 mSv (2.5 rem), and though the annual average
whole-body limit is exceeded the upper limit of 50 mSv in a year
is not (see Table 6-1). Thus, the worker need not be removed from
the intended duties. (Note the operator and the maintenance worker
are members of the public.) If the beam is aimed at eye level and
the eyes were in the beam for that time, though the threshold dose
for deterministic effects was not reached there is still a radiation
risk involved.

Radiation scattered from a wall is usually of lower energy and
intensity, but at low photon energies coherent (Raleigh) scattering
is favoured, in which case the energy of the scattered photon is
unchanged with respect to the incident photon. Overall there would
be a decrease in the exposure reaching the worker depending on
the separation distance between the worker and the wall.
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Problem 7-5 When the high voltage potential is decreased there would be a 53
corresponding decrease in leakage radiation, roughly equal to 62.3% of
the original intensity (obtained by taking the ratio of the high voltage
squared (150 kVp/190 kVp)2). Since the beam intensity and energy are
now decreased, the HVL would be lower and therefore the thickness of
lead required to establish regulatory compliance would be less. (Note: in
designing the thickness of shielding required, it is best to use the
maximum potential for which the tube is designed to operate. In this case,
the barrier thickness for 190 kVp would be more than adequate when the
tube is operated at lower potentials.)

Problem 7-6 (i) Using the inverse square law (see section 7.3), the exposure rate 53
would be reduced by a factor of four. Thus, the value would be
25 raR h1.

(ii) At 2 meters, the exposure rate would be 1/16th of 100 mR h"1,
which is 6.25 mR h"1. For a member of the public, the permissible
limit is 1 mSv y ', which translates to a weekly limit of 0.02 mSv
(2 mrem). Based on an hourly exposure for a 40-hour work week,
the permissible limit would be 0.0005 mSv (0.05 mrem). Thus,
protective material, such as lead and concrete, capable of providing
radiation attenuation by at least a factor of 125 (6.25 mrem/
0.05 mrem) must be interposed between the staff person and the
x-ray unit.
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List of Figures

Figure 2-1: Simplified model of an atom.

Figure 2-2: Schematic diagram on the left shows a stable atom, and the diagram on the
right shows an ejected electron and a positive ion created by incident
ionizing radiation. Collectively the ejected electron and the positive ion is
called an ion pair.

Figure 2-3: Production of x-rays. Projectile electrons ( ^ and 2^) interact very close to
the target atom nucleus thereby emitting bremsstrahlung photons, and
electron }c{ yields characteristic photons.

Figure 2-4: Continuous x-ray spectrum superimposed with characteristic (K and L)
photons (diagram is for illustrative purposes only, not to scale).

Figure 2-5: Schematic representation of basic photon interactions with an atom:
(a) Coherent scattering, (b) Compton scattering, (c) photoelectric effect,
(d) pair production effect, and (e) photonuclear.

Figure 2-6: Experimental arrangement for half value layer determination under narrow
beam conditions.

Figure 2-7: Typical x-ray attenuation curves: (a) represents a linear plot and
(b) represents a semi-log plot.

Figure 2-8: Mass attenuation data plotted for various materials (adapted from
Connolly, 1978).

Figure 3-1: Schematic diagram of an x-ray tube with the basic components identified.

Figure 3-2: Differences of x-ray spectra with (a) applied potential and (b) tube current;
(c) target material; and (d) filter.

Figure 4-1: Basic current loop utilizing an ionization chamber (a), and a plot of the
relative signalization current versus the applied voltage between the
detector electrodes (b).

Figure 4-2: Energy level diagram of materials.

Figure 5-1: Simplified diagram of a generalized cell indicating major structures.
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Figure 5-2: Hypothetical curves illustrating the effects of high and low radiation doses 39
to an asynchronous population of cells.

Figure 5-3: Survival curves illustrating the effect of high and low dose rates of low 40
LET radiation.

Figure 6-1: Curves illustrating the linear and threshold hypothesis regarding the 45
biological effect of low level doses.

Figure 8-1: Relative risk-benefit pattern representative of society. 56
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