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FOREWORD

The first edition of the training manual entitled, "Radiation Hazard

Control in Industrial Radiography", was prepared in 1965 by the Radiation

Protection Bureau for use in the presentation of its course, "Basic Radiation

Protection - Industrial Radiography". These courses were terminated in

1971. However the demand for the training manual by the private sector

has continued and the manual, in its original form, has been reprinted many

times to meet this demand.

Recognizing that certain sections of the manual have become out-

dated and appreciating the need for good basic radiation protection training

material for industrial radiographic personnel, the Bureau has revised the

manual by changing the initial format, including up-to-date information and

converting to S.I. Units.

In view of the wide circulation of the first edition, the revised

edition has been designed to assist in the training of industrial radiographic

personnel for certification according to Canadian General Specifications

Board Standard 48-GP-4M. It is not designed for use by management and,

consequently does not include management functions which are required by

regulations pertaining to the use of radiation. Instead, it is intended for the

man in the field and is written with his welfare and the safety of the general

public as its primary goals.

Acknowledgments are extended to K. Ray Fujimoto of the Radiation

Protection Bureau, Environmental Health Directorate, for the preparation

of this manual.
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1. ATOMIC STRUCTURE

.1.1 Matter

All material is composed of elements or a combination of elements. There

are over 100 elements known: of these, some of the heavier ones are man made and

do not occur in nature. The smallest unit of any element is an atom of that element.

Atoms combine to form molecules. Molecules can be made up of the same element

or of atoms of two or more elements as in compounds.

1.2 Fundamental Particles

For the purposes of this manual the atom rnoy be regarded as being composed

of three particles: the proton, the neutron and the electron. Their symbols and basic

properties are shown in the table below:

Table 1. Properties of the Fundamental Particles

Particle

proton

neutron

electron

Symbol

P

n

e

Relative
Mass

1 •

1

1/1840

Electric
Charge

+

0

-

*Weight oi a proton = 1.67243 x 10 g.

1.3 Structure

Atoms have a central condensed mass called the nucleus. This is made uc

of neutrons and protons. The electrons revolve around the nucleus in orbits called

shells. The nucleus, which is positively charged due to the protons, and the negatively

charged electrons revolving around the nucleus, are subject to an electrostatic force

between them. The number of protons in the nucleus is equal to the number of orbital

electrons. Therefore the total net charge on the atom is zero.

1.3.1 Electron Shells

There are two restrictions on the atom: one is that there is a limited number

of shells allowed and the other is that the total number of electrons in a shell is restricted.

The shells are known by the letters K, L, M, N etc., and the maximum number

of electrons in these shells is 2, 8, 18, 32 respectively.
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Figure 1. The Atom

i ' f

• Nucleus
. Electrons

The simplest atom is that of hydrogen which has one proton and one electron

the K-she!!. Helium has two protons and two neutrons and a filled K-shell.

Figure 2. The Atoms of Hydrogen and Helium

1.3.2

1.3.3

Hydrogen

Atomic Number

Helium
• Proton
° Neutron
. Electron

The atom of each element has a definite number of protons in the nucleus

and it is this number that determines the overall structure of the atom and hence

its chemical properties. This number is called the Atomic Number and is represented

by the letter "Z".

For hydrogen "Z" is 1, for helium it is 2 while for uranium, which has 92 protons,

it is 92. Table 2 gives the atomic number for all known elements.

Mass Number

As wil l be seen from the relative weights of the fundamental particles, nearly

all the weight or mass of an atom is due to the neutrons and protons. The contribution

by the electrons is negligible. The sum of the numbers of protons and neutrons is

called the Mass Number and is designated by the letter "A", i.e.,

A = N + Z where N = the number of neutrons

If the mass number and the atomic number are known the N may be deter-

mined from:
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Table 2. The fllements

Atomic
No.

Name of
Dement

, , Atomic
S y r n b o 1 No.

Name of
lllement Symbol Atomic

No.
Name of
1 lRrnent Symbol

1.

';

"*.

•'4 .

r

6 .

7.

9.

9.

10.

11 .

12.

[5 .

14.

15.

16.

17.

18.

19.

20.

2 1 .

22.

2 5.

24.

2 ' ) .

26.

27.

28.

29.

3U.

31.

32.

3 5.

34.

35.

' lydroijen

Helium

1 itnium

Beryllium

Boron

Carbon

Nitrogen

Oxyqun

Fluorine

Neon

Sodium

Magnesium

Aluminium

Silicon

Phosphorus

Sulphur

Chlorine

Argon

Potassium

Calcium

Scandium

Titanium

Vanadium

Chromium

Manganese

Iron

Cobalt

Nickel

Copper

Zinc

Gallium

German ium

Arson ic

Selenium

Bromine

! 1
1 le

Li

Be

l i

C

N

U

r
Ne

Na

Mg

Al

Si

P

s
CA

Ar

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

/ n

Ga

Ge

As

Sc

Br

3 6 .

3 7 .

3 8 .

39 .

4(h

4 1 .

42.

4 3.

44.

45.

46 .

47.

48.

49 .

50.

5 ) .

52.

53.

5 4 .

55.

56.

57.

58.

59.

61).

6 1 .

62.

65.

64.

65.

6 6 .

67.

68.

69.

Krypton
Uubidium

Strontium

Ytt ninn

Zirconium

Niobium

Molybdenum

1 echnct ium

Kut lien ium

Khod.um

Pallatlium

Silver

f.'arjfnium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

Barium

Lanthanum

Cerium

Praseodymium

Neoriyrnium

Prtjmetheum

Samar iuni

Luropium

Gadolinium

Terbium

Oysprosium

Holmium

Lrbium

Thulium

• " * r

Kb

Sr

Y

/ r

Nb

Mo

Tc

Ku

Kh

Pd

Ay

Cd

In

Sn

5b

Te

I

Xe

Cs

Ba

La

Ce

Pr

Nd

P i n

5m

flu

Gri

Tb

Dy

I lo

Lr

T,n

I I I .

71 .

72.

7 <

74.

75.

76.

77.

78.

7V.

81).

8 1 .

82.

8 5.

84.

85.

86.

07.

88.

B9.

90.

91 .

92.

95.

94.

9 5 .

9 6 .

97.

98.

99.

100.

101.

102.

103.

Y H ' T b l i l - n

1 u t ^ r i U ' n

1 la In in m

1 nut . i i u i i i

l:mi}Sli?n

i^henium

'. Jsniu'ii

I n d 111r. u

Plat inu'ii

(•old

i-/lf»rcurv

1 hallium

Lead

Bismul h

Polonium

Astatine

Kadon

f- rancium

Radium

Actinium

Ihorium

Protiu^ t mium

Uranium

Neptunium

Plutonium

Amer irium

(Curium

Berkelium

f'ali f ornium

1- inste inium

Fermium

Mendelevium

Nobelium

Lawrenc ium

Yti

l .u

i If

Ui

VJ

Kc

Us

Ir

Pt

Au

H , j

11

Pb

i i i

Po

A t

K M

l-'r

K a

Ac

Th

Pa

i J

Np

Pu

Am

C m

13k

r:f

Ls

F'n

Md

No

Lr
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N = A - Z

Uranium has a mass number of 238 and its atomic number is 92, thus the number

of neutrons is 238 - 92 = 146.

The number of neutrons per proton in a nucleus i.e., the ratio N/Z, is equal

to one in the lighter elements (except hydrogen). This ratio increases with higher

values of Z. Nuclear forces between neutrons and protons hold them together. A

nucleus of a given element has a characteristic number of protons which requires

a certain number of neutrons so that the attractive nuclear forces are enough to coun-

teract the repulsive forces between protons. Although the ratio of N/Z of one gives

the optimum stability, the number of neutrons may vary within narrow limits. Thus

it is possible to have atoms with the same Z but with a slightly different N and, there-

fore, a different A. Such atoms of the same element which have different atomic

masses or mass numbers are called isotopes.

As has been mentioned earlier, the common form of hydrogen has only one

proton in the nucleus. However other forms of hydrogen exist. The nucleus of an

atom of a heavier form, called deuterium, has a neutron along with the proton. Such

atoms have atomic number 1 but mass number 2. Hydrogen and deuterium are isotopes

of the same element. Yet another form with 2 neutrons in the nucleus is known as

tr i t ium, with a mass number of 3.

Figure 3. The Three Isotopes of Hydrogen

1 2 3

Hydrogen Deuterium Tritium

Many elements have more than one isotope occurring in nature. Unlike hydro-

gen they are not given special names but are identified by their numbers, for example:

Uranium-235 and Uranium-238. The latter contains 3 more neutrons per atom than
O7C O 7ft

the former. More complete symbols for these isotopes are „ „ U and goU, respec-

tively. Such symbols give information about Z, A, and consequently about N.

Except for the isotopes of the very light elements such as hydrogen the beha-

viour of isotopes of the element are almost identical. It is therefore quite diff icult
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to separate them from each other by ordinary physical and chemical means. Even

for hydrogen, where differences in properties between heavy water and light water

are readily measurable, separation procedures are very elaborate.

1.5 Nuclides

All the different types of atoms are referred to collectively as nuclides.

A nuclide is a specific type of atom characterized by the makeup of the nucleus i.e.,

by the number of neutrons and protons it contains. Most of the 90 naturally occurring

elements have two or more isotopes. Hence, there are over 300 naturally occurring

nuclides. The instability of a radionuclide is due to its nuclear configuration. It tends

to decay to a more stable non-radioactive nuclide, as will be discussed in the next

chapter.
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2. RADIOACTIVE TRANSFORMATIONS AND THE NATURE OF RADIOISOTOPES

2.1 Alpha Particles

When the neutron number for all naturally occurring nuclides is plotted against

atomic number, a smooth line is obtained terminating with the nuclides of uranium,

the heaviest element (see Figure. 4). Almost all naturally occurring elements whose

atomic numbers are higher than 80 and a few of lower atomic numbers have isotopes

which are unstable. Due to their large size the nuclear forces holding them together

are not quite strong enough to overcome the mutual repulsion of the large number

of positively charged protons. Conseguently such heavy nuclides undergo nuclear

transformation which alter the number of protons and neutrons. This process is called

radioactive decay or radioactivity. As the combination of two protons and two neutrons

is particularly stable it is often ejected as a unit particle. Such a package, which

is identical to the nucleus of a helium atom, is projected with extremely high velocity

and is called an alpha particle (a-particle). The remaining nuclide is an atom of an

element with atomic number and mass number reduced by two and four respectively.

Thus, radium with atomic number 88 and mass number 226 is transformed to radon

with Z = 86 and A = 222 or:

226 „ 222 „ 4 ._. _
88 R a

 8 6 « " + 2 He + Q

The above is a nuclear reaction equation showing a radioactive transformation

whereby one element is transformed into another. In this case "Ra" is the parent

and "Rn" is the decay product or daughter. Q represents the energy which is released

as kinetic energy of the alpha particle.

Usually, for the heavier elements one such adjustment is not sufficient to

establish stability so the process continues in a chain giving rise to a series of radio-

active nuclides of decreasing "Z", "N" and "A" until a much lighter, stable element

is reached.

2.2 Neutron Emission

Apart from radioactive decay in which alpha particles are emitted, many

of the heavier atoms can be induced to split into fragments. Such splitting of a large

atom, usually into two heavy fragments is called fission. The most ccmmon method

of bringing this about is to bombard the heavy nuclide witii a neutron. The resulting

fission produces further neutrons.
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Figure 4. Stability Curve of the Nuclides

Cqual
N-P Line

1') 20 30 40 50 CO 70 30 90 100 110 120 130 140

Proton Number ',/.)

Apart from fission there are other methods of producing neutrons, basically,

tine only way to produce neutrons is to knock them our of nuclei. This can be done

by either energizing a nuclide by gamma radiation or by bombarding it with suitable

projectiles. An example of the first reaction, called a photonucJear reaction, is:

Be Be Q,

where y is an energetic gamma ray and n n is the symbol for a neutron.

When a-partk'li:s react with certain substances such as beryllium, neutrons

are produced by the following reaction:



' Be + * H e (a-particle) «• 12
$ C + * n + Q

Such a-neutron sources are prepared by mixing radium and beryllium. The

radium provides the a-particles.

2.3 Beta Particles

As seen from Figure 4 the ratio N/Z is an important factor in nuclear stability.

If by articif ical means a nuciide can be produced with an excess of either neutrons

or protons, it would tend to adjust itself to acquire a N/Z value corresponding to stability.

To understand the process of doing this, it is necessary to consider the properties

of neutrons. The neutron is comparable in mass to a proton. Actually it is slightly

heavier. Further, a free neutron will spontaneously change into a proton and an electron,

as follows:

u " - } p + e- + v

where p is a proton, e is an electron and v is a neutrino with kinetic energy.

Such radioactive decay of neutrons does not normally occur when they are

bound in a nuciide. However, if a nuciide has loo many neutrons for nuclear stability

it adjusts itself spontaneously by converting a neutron to a proton and ejecting an

electron. Such ejected electrons which travel at almost the velocity of light are called

beta particles (B-particles). Adjustments by this process can continue until the result-

ing nuciide has a N/Z ratio corresponding to stability.

For each beta emission the nuciide loses a neutron but gains a proton. Therefore,

there is an increase in the atomic number by I unit but. no change in mass number

as shown in the following example:

where v* is an anti-neutrino

2.4 K Capture

From the above it can be expected that if an articially produced nuciide has

an excess of protons, it wil l tend to convert a proton into a neutron. One method

of achieving this is for the nucleus to capture one of the orbital electrons. Such a

process is termed K-capture since an electron in the K orbit is involved. This form

of radioactivity does not result in the emission of any particle but there is a release
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of energy in the fro-n of electromagnetic radiation due to other orbital electrons

filling the vacated electron orbits. Such a transformation results in the daughter

having an atomic number less than the parent, by 1 unit.

p + e — n + Q

2.5 Gamma Radiation

In all nuclear reaction eguations, there is a term "Q" required to balance the

two sides. This represents the energy released in the reaction. This manifests itself

as the kinetic energy carried away by the high speed particles and recoil of the daughter

atoms or excess energy carried away by a neutrino.

r/lanv radioactive transformal ions leave the daughter nucleus in an "excited

state". Such nuclei reach t ne ground state by emission of electromagnetic radiation

called gamma rays. Qamrr.s ray emission is, therefore, a secondary effect of a nuclear

transformation. Tho gamma rays emit ted have discrete energies, characteristic of

the daughter, as the> correspond to the energy difference between the two nuclear

energy states of the daughter after the primary decay process has taken place.

2.6 Production of Radioisotopes

The product ion of radioactive nuclei can be achieved by:

1. Splitting up large atoms.

2. Altering the N/Z ratio of a stable nuclide.

The first reaction, namely fission, has already been mentioned: when a heavy

atom like uranium splits into 2 fragments, each fragment has a N/Z ratio closely corres-

ponding to uranium. Thus they have far more neutrons than the stable nuclide of

corresponding atomic number. To correct, this situation the nuclide may initially

lose neutrons but subsequently undergoes successive radioactive decay by 6-emission.

The uranium atom in undergoing fission splits up in a variety of ways producing a

large number of such neutron rich fragments. The nuclear reactor where fission of

uranium under controlled conditions takes place is therefore a very good source for

obtaining radioactive isotopes.

The second method, altering the N/Z ratio of a nuclide, is achieved by bom-

barding the nuclide with projectiles such as oc-particles, protons, neutrons, etc. However,

since the nucleus is positively charged, particles such as the proton or a-part.icle,

which are t hemselves positively charged, will be strongly repelled. Such reactions

can therefore be carried out only when the proton or other charged particle is ener-

gized to a very great velocity.
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If, however, the neutron is used as a projectile, it will not be repulsed by the

nucleus since it has no charge. When a material is placed in the path of a beam of

neutrons it is expected that some of the nuclei will be hit by the neutrons. Such hits

can result in capture by the target nucleus. Capture of neutrons is favored when

the neutrons are travelling at a slow rate. These slow moving neutrons are called

thermal neutrons. The capturing power of nuclei are quite different for different

material. Nuclides which capture neutrons easily are said to have high capture cross

sections.

Nuclides which have captured neutrons may have a N/Z ratio greater than

required for stability. Therefore, they are likely to be radioactive and decay by emission

of a-particles. This method of rendering a material radioactive is the most commonly

used for producing isotopes. A neutron capture reaction can be written as follows:

59 _ 1 60 „ o

27 C o + 0 n "27 C o + Q

2.7 The Radioactive Decay Process

Since radioactive nuclei tend to decay to stable states, it is obvious that, the

amount of radioactivity will constantly decrease. It has been established experimen-

tally that the rate of decrease is characteristic of the radionuclide and cannot be

changed by chemical or physical means. The time required for half the number of

any given number of radioactive nuclei to decay is called the half-life of the particular

radioisotope. For example, assume that there are one thousand atoms of a certain

radioactive substance which has a half-life of ten minutes. After ten minutes there

will be only 500 radioactive atoms left. In the next ten minutes half of these 500

would decay leaving 250. This process would continue so that after four half-lives

l/16th of the original radioactive atoms would remain. This process has been shown

graphically in Figure 5. It is an exponential curve.

Analytically the number of atoms disintegrating (AN) in a given time interval

(At) is proportional to the number "N" of radioactive atoms present.

Where "A" is the constant of proportionality called the decay const ,int This

equation can be integrated to yield

N = N e " X t

o

whero N is the total number of atoms present at time " I . " = o and N is the number

of atoms at time "t".



Figure 5. Decay Curve for Radioactivity
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Since this is an exponential equation, the ratio N/N plotted against time

on semilog graph paper will yield a straight line. The above equation is true for all

radioactive decay processes.

The half-l ife of radioactive isotopes can vary from 10 seconds to billions

of years. Several examples are given in Table 3.

Table 3. Examples of Radioactive Half-Lives

Radionuclide

Nitrogen-16 (16N)
9n

Strontium-90 ( Sr)

Radium-226 (226Ra)

Uranium-238 (238U)

Half-l i fe

7.3 seconds

19.9 years

1622 years

4.49 x 109 years

Mass required
for 1 curie

1 x 10 grams

7 x 10 grams

1 gram

3 x 10 grams
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3. CHARACTERISTICS OF RADIATION

3.1 Introduction

The most common types of radiation emitted as a result of radioactive trans-

formation are a-rays, B-rays, and y-rays. All these radiations interact in different

ways when passing through matter. However, in every case the most important effect

on matter is ionization. When an atom loses an electron it becomes positively charged.

This charged atom is called an "ion". The electron knocked off is negative. This

process of creating an ion pair is called ionization:

A •A"' + e"

3.2 Alpha particles

The heaviest of the common types of ionizing radiation are alpha particles.

Alpha particles are very highly ionizing as they pass through maiter because

of their charge and momentum. This fact is of particular significance when they

strike living cells. One favourable property of these particles from a health and safety

point of view is that they are the least penetrating of all radiations commonly encoun-

tered. A few centimetres of air or a thin piece of paper is sufficient to completely

absorb these particles. The range in matter of the alpha particle is proportional to

its energy or velocity. The usual values of alpha particle energies are between 4 and

9 MeV. Some examples from the uranium series are:

U-238 4.200 MeV

Rn-222 5.486 MeV

The energy of alpha particles emitted by a given radionuclide is specific and

characteristic of that isotope.

As the alpha particles, which are positively charged, pass through gas or air,

they strip loosely bound electrons from the atoms and create ion pairs. The creation

of one ion pair requires approximately 35 electron volts. Therefore, as the alpha

particle progresses, it ionizes the gas and loses energy. As the alpha particle slows

down, it spends a longer time in the region of each atom, and has a much better chance

of ionizing them. Therefore, the intensity of ionization increases as the alpha particle

is slowed down. The specific ionization goes up rapidly and finally drops to zero as

the particle comes to rest. When the alpha particle is stopped, it collects two elec-

trons to form a helium atom. The distance in air at which the alpha particles are

stopped is known as the alpha particle range. Over the range of an alpha particle

of energy 7.68 MeV approximately 220 000 ion pairs are formed.
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3.3 Beta Particles

Beta particles are fast-moving electrons emitted during radioactive decay.

Their velocity approaches the speed of light. They have a continuous spectrum of

energy from zero to a maximum energy, Emax. This maximum energy is characte-

ristic of a particular radioisotope. Beta particles are absorbed by a few millimetres

of aluminium or similar material. They will travel several hundred centimetres in

j i r before they expend their energy.

Beta particles may be scattered out of a beam either by collisions with other

electrons, or they might make multiple elastic collisions and lose much of their energy

to the absorber.

Beta particles may be slowed down by interacting with the electric field of

a nucleus or the atomic electrons. When this occurs some of the particle's energy

is transformed into X-radiation. This radiation appears as a continuous spectrum

and is called bremsstrahlung (braking radiation). The maximum energy of the X-rays

produced wil l be equal to the maximum energy of the beta particles and corresponds

to the electrons losing all their kinetic energy in one interaction.

The amount of energy lost by bremsstrahlung production is usually only a

few percent but it is proportional to the energy of the particles and the atomic number

of the material.

Energy values for beta particles range from 18 keV for Tritium to 4.81 MeV

for Cl-38. When referring to energies of beta particles, the maximum energy is quoted.

3.4 X-Rays and Gamma Rays

The radiation emitted from radioactive substances is of two types: particles

and electromagnetic radiation. Alpha and beta radiation are particulate and X-rays

and gamma rays are electromagnetic radiations. Electromagnetic radiation can be

thought of in terms of packets of energy or "photons". Each photon carries a specific

quantum of energy.

X-rays and gamma rays have identical energy but differ in their origin. They

will be discussed in greater detail in subsequent chapters.

3.5 Electromagnetic Spectrum

Other types of electromagnetic radiation are visible light, radio waves, infra-

red and ultra violet. As can be seen from Figure 6 there is an enormous energy diffe-

rence between high energy gamma or X-radiation and low energy radio waves.
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It is useful to think of electromagnetic radiation in terms of waves 'see f 1151m

7 below). This is most applicable when one is dealing with a very large number of

photons, as in the case of visible light, rather than individual high energy photons,

such as gamma rays.

Figure 7. Wave Motion

Wavelength

Ampi:Lijde

The distance between two crests or troughs is called the wavelength (A).

All electromagnetic radiations travel at the same velocity in a vacuum regard-

less of wavelength. This velocity is equal to 3 x 10 cm/sec.

Frequency is the number of waves which go past a given point per second.

The relationship between frequency, wavelength and velocity is given by the equation:

C = Av

where C - velocity, A = wavelength, v = frequency

The energy of electromagnetic radiations exists in small "packets" or photons.

The amount of energy in each photon is directly related to the frequency as shown

in the following equation:

E = hv

where "h" is a constant for all electromagnetic radiations, known as Planck's

constant.
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4. NATURE AND PRODUCTION OF X-RAYS

Introduction

X-rays are produced when high speed electrons bombard a target material.

The target material is made up of atoms of a heavy element, such as tungsten, in

the form of a solid.

The main components of an X-ray unit are:

i. a source of electrons called the filament or cathode;

ii . an evacuated space in which to accelerate the electrons;

ii i . a high positive potential to accelerate the electrons; and

iv. a target, or anode, which the electrons strike to produce X-rays. (Figure

Figure 8. Stationary Anode Tube

Glass
Envelope

Electron Stream

Focusing Cup

Filament

Cathode

Tungsten Target

X-Rays
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1 he temperature of the fiiament or cathode determines the number of elec-

trons accelerated toward the anode and the accelerating voltage, called the kilovolt

peak (kVp) determines the maximum energy of the X-ray photons produced.

The intensity of the X-ray beam produced when the electrons strike the anode

is dependent upon the nature of the target material. X-rays are efficiently produced

if the atomic number (Z) of the t«-get is high. The target material should also have

a high melting point since heat is produced when the electrons are stopped in the

surface of the target.

Nearly all modern X-ray tubes use tungsten as a target material. The Z of

tungsten is 74 and its melting point is 3400°C.

4.2 Production of X-Rays

The energy of most of the electrons striking the target is dissipated in the

form of heat; however, the remaining few electrons produce useful X-rays.

The spectrum of X-rays produced by a modern X-ray unit is shown in Figure 9.

The broad smooth curve is due to the bremsstrahlung or continuous X-rays and the

spikes represent the characteristic or line X-rays.

4.2.1 Continuous X-rays

Continuous X-rays are produced when the fast-moving electrons are abruptly

slowed down as they collide nearly head-on with the strong coulomb field of the nucleus.

Since the electron is deccelerated, energy is radiated. This emitted energy takes

the form of X-rays called bremsstrahlung or continuous X-rays. When large numbers

of electrons are involved, the radiated energy has a spectral distribution as shown

in Figure 10.

4.2.2 Characteristic X-rays

Characteristic or line X-rays appear in the spectrum as sharp peaks superimposed

on the continuous spectrum. These peaks or lines are uniquely characteristic of the

element that is used as the target of the X-ray tube.

A photon of bremsstrahlung radiation or an incoming electron interacts with

a K electron in the target atom and knocks it out of its orbit and free of the atom.

The vacancy in the K shell is filled immediately when an electron from an outer shell

falls into i t . A characteristic K X-ray photon is therefore emitted which carries off

the excess energy between the L and K eiectron orbit. An X-ray photon can also be

emitted if an electron falls from the L level to the K level or from the M shell to
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Figure 9. The X-ray Spectrum
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the K shell. Since the energies of the electrons in the various shells are precisely

determined, an electron falling from an outer shell to an inner shell wil l always pro-

duce an X-ray with an energy characteristic of that atom, and corresponds to the

difference in the orbital energies.

Figure 11. Production of Characteristic X-rays
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5. INTERACTION OF X-RAYS AND GAMMA RAYS WITH MATTER

5.1 Introduction

The behaviour of electromagnetic radiation is dependent upon wavelength.

When radiation of long wavelength, such as light or heat, strikes matter it may be

partially reflected or may transfer its entire energy in the form of heat. X-rays and

gamma rays have much shorter wavelengths and are, therefore, very penetrating.

X-rays are not absorbed equally well by all materials. Heavy elements such

as calcium are much better absorbers of X-rays than light elements such as carbon,

oxygen and hydrogen.

The attenuation of an X-ray is its reduction in intensity as a result of absorp-

tion and scattering of some of the photons out of the beam.

5.2 The Mechanism of X-Ray and Gamma Ray Interaction

There are 3 ways an X-ray or gamma ray can interact with atoms.

5.2.1 The Compton Effect

In this process the incident photon interacts with a "free" electron, transfers

some of its energy to the electron (recoil electron) and is scattered. An electron

is termed "free" if the energy of the interacting photon is considerably greater than

its binding energy, i.e., it is a loosely bound electron.

The scattered photon will have a lower energy (and therefore a longer wave-

length) than the incident photon. The recoil electron takes up the difference of energy

between the incident and scattered photon and is ejected. This electron is called

a Compton electron.

5.2.2 The Photoelectric Effect

In this process the photon collides with an orbital electron and transfers all

of its energy to this particle by ejecting it from the atom.

If the energy of the photon is more than is required to eject the electron from

the atom, the ejected electron is given additional energy in the form of kinetic energy.

This is known as the photoelectric effect and electrons ejected by this process are

known as photoelectrons. This process completely absorbs the energy of the incident

photon.

The ejection of an electron from a shell wil l leave a vacancy. This will be

filled by an electron from another shell with the emission of an X-ray with an energy
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Figure 12. The Compton Effect
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corresponding to the difference in the binding energy of the two shells. The resulting

vacancy will itself be filled and the sequence repeated until an electron fronn outside

the atom is trapped. The X-rays are emitted in random directions, and the process

is very similar to the characteristic X-rays produced in an X-ray tube.

Figure 13. The Photoelectric Effect
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5.2.3 Pair Production

Neither the Compton nor the Photoelectric effect contribute very significan-

tly to the absorption of high energy gamma rays. In the high energy region pair produc-

tion accounts for the majority of the photon absorption especially in elements of high

atomic number. This process requires a minimum energy of 1.02 MeV as a threshold.

(1 electron mass is equal to 0.51 MeV).

Pair production involves the complete disappearance of the incident photon

and the creation of a pair of electrons, one positive anJ one negative. In the process

of pair formation all of the photon's energy is given up to the electron pair. Energy

supplied in excess of 1.02 MeV is shared by the pair in the form of kinetic energy.

The electron and positron lose their kinetic energy by ionization and excita-

tion. The positron interacts with an electron and annihilation occurs with the creation

of two .51 MeV photons travelling at 180° to each other.

Figure 14. Pair Production

.511 MeV
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(high energy X-ray) -^_> _^-'

J Annihilation Photons
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5.3 Attenuation

The net result of these three interactions is that a beam of photons passing

through a material is attenuated. The amount of attenuation is proportional to the

thickness of the absorber and can be mathematically expressed as:

where: Io is the initial intensity

I is the intensity after penetrating a distance X in the medium

JJ is the linear absorption coefficient

e is the exponential constant.
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For calculating shielding requirements, it is usually sufficient to use so-called

half-value layers (HVL) and tenth-value layers (TVL) which for a particular material

and radiation is the thickness of absorber that is required to attenuate a beam of

radiation to one-half and one-tenth of its initial value respectively. These can be

mathematically expressed as.

I = IQ /2n

I = I o /10 n

where "n" is the number of HVL or TVL respectively.

The approximate values of TVL and HVL for various materials for different

radiations are shown in Table 4.

Table 4 Approx. TVL and HVL for Shielding

(Thickness in Centimetres)

Source

X-Rays

100 KVP

150 KVP

250 KVP

400 KVP

500 KVCP

1000 KVCP

2000 KVCP

Co-60

Ra-226

Cs-137

Ir-192

Lead
TVL HVL

.08

.10

.25

.76

1.27

2.54

3.81

4.11

4.69

2.13

1.62

.02

.03

.08

.22

.38

.81

1.27

1.24

1.42

.63

.48

Iron
TVL HVL

.83

1.11

3.04

8.38

13.97

20.32

26.67

7.36

7.69

5.71

-

.25

.33

.99

2.54

4.06

6.35

8.89

2.20

2.31

1.72

-

Concrete
TVL HVL

5.84

7.62

9.14

10.92

11.68

15.24

20.3Z

22.86

24.38

18.03

15.74

1.77

2.28

2.79

3.30

3.55

4.57

6.22

6.85

7.36 '

5.33

4.82
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6. UNITS USED FOR RADIATION WORK

It is necessary to understand the various units for measuring different radio-

active quantities and to understand the interrelationships that exist. Definitions

of all the units are given in the Glossary of Technical Terms. In what follows, the

more important ones are discussed.

6.1 Units for Measuring Radioactivity

The unit of radioactivity, the curie, was initially established as that amount

of activity corresponding to one gram of radium. One curie of activity is equal to

3.7 x 1010 disintegrations per second. Under the International System of Units (SI),

now adopted by Canada, the unit of radioactivity is the becquerel (Bq). One becquerel

is equal to one distintegration per second. Therefore, one curie (Ci) is equivalent

to 3.7 x ID1 0 Bq., or 1 Bq is equivalent to 27.03 x 10 '1 0 Ci.

6.2 Units of Radiation Energy

A. While the becquerel gives information about the number of disintegrations,

it does not indicate the energy of the radiation being emitted. The unit used for this

purpose was electron volt. The SI unit is the joule.

1 eV= 1.6 x 10 ' 1 9 J

One electron volt is equal to the energy gained by an electron in passing through

a potential difference of one volt. Since the charge of the electron is very small,

the electron volt represents a very tiny amount of energy. The energy of the radia-

tions used in radiography are expressed in million electron volts, abbreviated as MeV.

One MeV is equivalent to 1.6 x 10"13 J.

B. The energy of X-radiations is often expressed in terms of kVp. This is an

abbreviation of kiiovoltage peak and refers to the peak potential of the high voltage

in the X-ray machine. It is not a direct measure of the energy of the radiation, but.

since energy and tube voltage are related, i t gives an indication of the energy of the

radiation. The quality of an X-ray beam can also be described by its half-value layer

(HVL). The HVL is that thickness of some specified material, (usually Al or Cu) which

will attenuate the beam to one-half its original intensity. The HVL of a beam is a

function of its effective energy. The effective energy in keV units is approximately

1/3 of the applied potential, being influenced somewhat by the nature of the power

supply, and increasing as fi ltration is added.
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6.3 Units of Radiation Dose

The most important characteristic of alpha, beta, gamma and X-rays is their

ability to ionize the atoms and molecules of the material through which they pass.

The unit for measuring intensity of gamma or X-radiation is based upon its ability

to produce ionization. This unit was the roentgen, now replaced by coulomb/kg.

A. Coulomb/kg (roentgen)

This unit of exposure dose was the roentgen and is based upon the ionization

of air. It is that quantity of radiation that results in the production of 1 e.s.u. of

charge in 1 cubic centimetre of air at S.T.P. expressed in coulombs per kilogram.

1 coulomb/kg " 3876 roentgen

B. The Gray (rad)

Since the roentgen is not easily applicable to all systems, a unit of absorbed

dose is used when considering radiation damage in living tissue. The unit is the gray

(Gy) and is equal to 1 joule per kilogram. The old unit was the rad which was 1/lOOth

of the Gy, i.e., 1 Gy = 100 rads = 1 J.kg"1.

C. Quality Factor (RBE)

RBE stands for Relative Biological Effectiveness. Different ionizing radia-

tions can cause different amounts of biological damage for the same gray dose delivered.

Examples of this are alpha radiation and fast neutrons both of which cause more damage

than commonly used gamma and X-radiation. The RBE for gamma and X-radiation

used in radiography is equal to 1. This has been replaced by the "Q" or Quality Factor.

D. The Sievert (rem)

The rem was an abbreviation of roentgen-equivalent-man and was related

to the rad by the equation:

REM = RAD x RBE

For gamma and X-radiation the RBE is one; therefore the rem dose and the

rad dose are the same. For other types of radiation, quality factors are incorporated

into the equation, which then becomes:

H = D x Q x N

where: H = dose equivalent in sieverts

D = absorbed dose in grays

Q = quality factor

N = an estimate of all other modifying factors
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The name for the unit of dose equivalent is the sievert (Sv) which replaces

the rem. The sievert has the units of i J.kg" , the same as the Gy.

1 Sv = 100 rem
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7. BIOLOGICAL EFFECTS OF RADIATION

7.1 Introduction

The basic changes that occur in the interaction of radiation with matter are

identical in living and non-living material. All radiation injury results primarily from

radiation induced chemical changes in one or more of the complex molecules present

in living cells. These changes may be reversible or may lead in due course to cell

death or transformation.

The cell is about 70% water and surrounded by inorganic molecules such as

NaCl and large molecules of organic acids and proteins. The nucleus of the cell con-

tains a fixed number of chromosomes made up of a large number of genes which deter-

mine the structure and function of the cell.

7.2 Intracellular Events

The effects of ionizing radiation at the cellular level determine the effect

on the whole animal.

Figure 15 illustrates the sequence of events that occur within a cell upon

exposure to radiation.

The first phase of the induction of radiation injury is the shortest, lasting

about 10" seconds. During this phase energy is deposited in the cell causing ioniza-

tion and excitation of ions and molecules. The amount of heat produced by these

ionizations is negligible and has no biological effect.

The ionization of the target molecule directly is called the Direct Effect.

This occurs when a photon or particle ionizes a DNA constituent directly without

the production of intermediate reactive water or O ions. If the intermediate ions

are produced then it is called the Indirect Effect. The principal products of the radia-

tion absorption are hydrogen, hydroxyl ions, and free radicals. Hydrogen and hydroxyl

ions are normally present in living cells and do not contribute to radiation damage.

The free radicals, however, which contain unpaired electrons, are very highly reactive.

The time involved for the production of free radicals, i.e., stage 2, is about 10 seconds.

As indicated in Figure 15, the biochemical changes at this point may be rec-

t i f ied, often by recombination, leading to repair and no obvious damage. However,

if repair does not occur the sequence of intracellular events includes a third stage.

In the third stage, lasting a few seconds, the free radicals react with organic

molecules. Reactions with proteins and the deoxyribonucleic acid (DNA) of the cell
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Figure 15. Sequence of Intracellular Events
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nucleus are pai Uculaiiy important, producing changes in the secondary or tertiary

structure of proteins. These changes may produce alterations in the biological pro-

perties of the molecules. The breaking or crosslinking of DNA molecules may have

effects which may lead to cancer or the birth of genetically damaged offspring.

The last phase uf the induction of radiation injury is the biological phase during

which the chemical changes are transformed into cellular changes i.e., early cell death,

prevention or delay of cell division and the production of permanent, inheritable changes.

7.3 5omatic Effects of Radiation

The somatic effects of radiation arise mainly from interference with the

processes of cell division. Therefore, acute damage is most likely to be observed

in those cells undergoing rapid cell division such as the cells of the lymphoid and granu-

locyte systems and the ceils lining the gastrointestinal tract.

Following exposure to 250 milligrays or more the lymphocyte count in the

peripheral blood falls rapidly. The platelet count and the red blood count in the

peripheral blood also fall a few days after exposure and then recover if the radiation

dose received is not too large. Blood counts are used extensively to monitor patients

unoergoing radiation therapy. In addition, blood counts and cytogenetic studies are

used in the assessment of persons occupationally overexposed.

The biological effects of radiation which arise a long time after the radiation

dose is received include types of cancer, cataract formation and life-shortening.

7.4 Genetic Effects of Radiation

The genetic effects of radiation arise from radiation induced mutations that

occur in the egg cells of the female or in the sperm cells of the male. The most severe

genetic damage probably results in embryonic or foetal death.

7.5 [Jose Response Curves

In order to establish acceptable levels of exposure, it is useful to correlate

the dosage received with the response or damage produced.

Figure 16 below is a typical threshold curve. The point at which the curve

intersects the X-axis is the threshold dose, i.e., the dose below which there is no effect.

If an easily observable radiation effect such as reddening of the skin is taken as a

response, then this type of curve is applicable.

The first evidence of the effect does not occur until a certain minimum dose

is received. These types of radiation effects are called the non-stochastic effects.
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Figure 16. Threshold Curve
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Figure 17 represents a linear, non-threshold relationship in which the curve

intersects the origin. Her2 it is assumed that any dose, no matter how small, involves

some degree of response, i.e., there is no threshold. These types of effects are called

stochastic effects. The genetic and cancer indue ing effects of radiation are examples.

Figure 17. Non-Threshold Curve

Responst
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7.6 Human Exposure To Radiation

If the non-threshold hypothesis is assumed, then all radiation exposure is poten-

tially harmful. In the case of the radiation worker, the patient undergoing radionu-

clide or radiographic investigations and the general public at large, it is necessary

to prescribe radiation dose levels at which the risk of serious injury to the individual

is so low that it may be acceptable to the individual and society in general.

In 1928, the International Commission on Radiological Protection (ICRP) was

created to advise on all aspects of radiation protection and make recommendations

concerning basic principles and radiation dose limits. They ensure that no source

of radiation exposure is unjustified in relation to its benefits, that any necessary expos-

ures are kept as low as is reasonably achievable (ALARA principle) and that exposures

by individuals do not exceed specified limits.
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The estimates of gonad doses t.o the general population from various sources

of radiation are:

Background -1 m Sv/yr (100 mr/yr)

Medical and other - 1 m Sv/yr (100 mr/yr)

Fallout - .2 m Sv/yr (20 mr/yr)

The maximum permissable gonad or whole body dose allowed in Canada for

the general population is 5 mSv/yr (.5 rem/yr).

The maximum permissible gonad or whole body dose allowed in Canada for

atomic radiation workers is 50 mSv/yr (5 rem/yr) not t.o exceed 30 mSv (3 rem) per

quarter of a year.



- 33 -

8. BASIC PRINCIPLES USED TO REDUCE RADIATION LEVELS

3.1 Introduction

There are certain basic principles for protection of personnel, regardless of the

type of energy of the radiation. The main factors to be considered are time of

exposure, distance and shielding. The most economical and practicable combination of

these factors consistent with adequate protection should be used.

3.2 Time

Time is the most effective factor in reducing radiation exposures in many cases.

The time a person must spend near a radiation source can often be reduced by careful

planning. Cameras or devices housing sources should always be stored in low

occupancy areas, and simple procedures that can be done in the shortest possible time

should always be adopted.

.2.1 Example No. 1

Given that the allowable maximum dose for a non-radiation worker is 2.5 micro-

sievert in an hour, how long can he/she work in an area where the dose-rate is

15 microsievert per hour?

Solution

(a)

(b)

(c)

60 minutes (1 hour)

1

2.
0.

minute

.5 ySv
,25 uSv/minute

= 15

15
= 60

= 10

pSv

^S v= 0.25

minutes

pSv

.2.2 Example No. 2

Given that the recommended maximum dose during a source retrieval procedure is

3 millisieverts per person and the dose-rate at 2 metres (distance of operator from

source) is 60 millisieverts per hour, what is the maximum "stay" time, in minutes, for

each operator?

Solution

(a) 60 mSv/h = f ° m . S v / h = 1 mSv/min
60 min/h
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Cb) A dose of 3 mSv will be received in

3 mSv—rr- , . - 3 minmSv/min

8.3 Distance

Distance is very effective and can be one of the easiest and chsapest factors

to apply. For Y- and X-rays the intensity decreases very rapidly with the distance

between the point source and the point of interest. This relationship is expressed by the

Inverse-square Law which is written as

I D2

— = _o
lo D 2

where, I is the original intensity

I is the "new" intensity

D is the original distance

D is the new distance
3.3.1 Example No. 1

Find the intensity of radiation from an X-ray point source at 20 metres if a

reading taken at 2 metres is 6 mSv/h

Given: I = 6 mSv/ho

DQ = 2 metres

D = 20 metres

By transposing the formula, we have

= 6 mSv/h x _2_

202

= 0.06 mSv/h (60 pSv/h)
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.3.2

.3.3

Example No. 2

Find the radiation intensity from a point gamma source at 10 metres if a

reading taken at 5 metres is 2 Sv/h

Given:

Then:

0

D -
0

D =

I

=

2 Sv/h

5 metres

10 metres

I 0
o

o2

2 Sv/h x 5
I f
i I

0.5 Sv/h

This principle of distance can work in reverse as well. For example, a

relatively small source which is of l i t t le conseguence at reasonable distance car be

quite dangerous if picked up. The dose received by the thumb and finger would be

enough to cause considerable damage.

Example No. 3

A 0.5 terabecquerel [ridium-192 is picked up and held for 2 seconds, the time it

might take to retrieve it from the ground and place it in the storage pot. A 0.5 TBq or

13.5 Ci of Iridium-192 is a relatively small industrial radiography source and its output

would be 67.5 millisieverts per hour or 6.75 R/h at one metre.

In solving for the dose to the fingers, for sirnplicity we will assume that it is a

point source and apply the Inverse-square Law with a minimal distance of one mm.

Therefore,

Dose per second at one mm = 67.5 mSv/h
60 x 60 v

1000
1

67.5 mSv/h x 10
3.6

18.75 x 103 mSv/sec

or 18.75 Sv/sec

In 2 seconds the dose would be 37.5 Sv (3750 rem)
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For a point source according to the Inverse-square Law, by decreasing the

distance from 1 metre (1000 mm) to 1 mm, we increase the dose-rate by 1 million times

(1000 ). This should be kept in mind, before picking up an unshielded source without a

remote-handling tool.

3.4 Shielding

Shielding is the most important of the three for protecting personnel.

Shielding allows large sources to be used in working areas where personnel must remain

for long periods of time. The principle of shielding is straightforward, and concepts

have been introduced to make the calculation of shielding requirements very simple.

These are HVL and TVL (see Section 5.3.1). [t should be noted that the values of these

vary as radiation penetrates a thick shield. This variation is caused by the build-up

within the absorber and hardening of the beam. This last point is particularly evident

when dealing with X-ray beams but the errors introduced can be greatly reduced by

using TVL when dealing with thick absorbers.

i.4.1 Example No. 1

The dose-rate from an unshielded radiation source is 400 microsievert per

hour and the HVL in lead is 2 cm. What is the dose-rate if B cm of lead is used as

shielding?

Solution

(a) given that o = 400 p. Sv/h

(b) number of HVL used = 5-£HL _ 4

2 cm

By substituting above in the following equation, we have

I = ro/2n
I = 'o / 24

= 400 uSv/h
16

= 25 pSv/h
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8.4.2 Example No. 2

Find the thickness of concrete required to reduce tile radiation level from

200 miJlisievert per hour to 2 millisievert per hour. Given that the TVL for the

radiation in question is 15 cm of concrete.

Solution

The basic formula I - ° / inn

be re-arranged to

10 = a/, and the known

values are substituted as follows:

n _ 200 mSv/h _ , r
i U " 2 m5v/h " i L

By inspection we can deduce

"n" = 2 (i.e. 10 x 10)

since 1 TVL = 15 cm

then 2 TVL = 2 x 1 5 = 30 cm



•• 3 8 -

9. PRINCIPLES OF RADIATION DETECTION

9.1 Introduction

ionizing radiation unlike light or heat cannot be detected by our normal senses.

Consequently it is necessary to have instruments which will detect the presence and

measure the quantity of the various types or radiations emitted by radioactive mate-

rials, X-ray machines, particle accelerators and nuclear reactors.

9.2 Purpose of Measurement

Radiation measuring instruments are used for a variety of purposes. They

can be classified into the following main categories:

A. Laboratory instruments for measuring the radioactivity of a sample.

B. Survey instruments for measuring the exposure rate in a radiation field.

C. Personnel monitoring instruments for measuring total cumulative exposure.

9.3 Methods of Measurement

There are various principles for the detection of radiation - of these the follo-

wing are the most important, and commonly used:

1. Electrical collection of ions

2. Photographic detection

3. Scintillation of crystals

4. Chemical decomposition

5. Fluorescent and thermoluminescent detectors

6. Calorimotric detectors

7. Recoil and nuclear reactions for neutron dosimetry

9.4 Electrical Collection of Ions

Radiation detection instruments based on the principle of collection of ions

formed in a gas comprise the vast majority of instruments in use. The most common

of these are:

1. Ionization chambers

2. Proportional counters

3. Geiger counters
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9.4.1 lonization Chambers

When radiation interacts with a gas, ions are produced. These ions eventually

recombine. However, if an electrical field is present the ions will tend to be attracted

to the oppositely charged surfaces. This is the principle of an ionization chamber.

An ionization chamber is essentially a cylindrical chamber fitted with a central

electrode and filled with gas, usually air at standard temperature and pressure. A

voltage is applied between the outer case and the central electrode. This serves to

attract the appropriate ions to the charged surfaces and results in a flow of current.

As the voltage is increased fewer ions tend to recombine until a stage is reached

where all the ions created are collected by the electrode. This voltage results in

operation in the chamber in the saturation current region. Measurement of the current

passing through the chamber is therefore directly proportional to ionization and hence

the radiation intensity.

Figure 18. Ionizatian Chamber

entral Collecting lilectrode

9.4.2

Insulator

Metal Sealed
Container

(voltage)

• 1 (ion current)

Operating voltage for an ionization chamber instrument usually varies between

60 and 300 volts depending upon the size of the chamber and the filling gas. The instru-

ments operating on this principle have low sensitivity since they measure only the

primary ionization produced. For the same reason they measure high radiation fields.

They are not suitable for discrimination between several types of radiations.

Proportional Counter

If the voltage is increased above that required to give saturation current flow,

the ions in moving toward the electrodes gain sufficient, energy to cause secondary



ionization thus giving rise to a larger number of ions. For every ion pair formed by

the initial radiation, a much larger number is received by the electrodes. This phenome-

non is called gas amplification. Increase of voltage raises the gas amplification factor.

The size of the pulse recorded on the instrument, is thus proportional to the voltage

and to the number of primary ions formed if the voltage is kept constant. The pulse

size gives an indication of the difference of ionization and hence the type of radia-

tions. For example an alpha-particle which gives intense ionizat.ion will give a larger

pulse than a garnma-ray photon which produces only a few primary ions.

The region of operation of a gas chamber is called the proportional region.

In proportional counters, gas amplication factors as high as 106 are sometimes em-

ployed. Proportional instruments provide a high sensitivity and a high range. The

instruments are very suitable for discriminating between a and 6 particles. Commercial

counters are filled with argon, methane or a mixture of the two, though air is some-

times used. Operating voltages range from 500 to 5000 volts.

9.4.3 Geiger-Mueller Counters

With further increase of voltage the gas amplification factor greatly increases,

resulting in a veritable avalanche of electrons to the anode of the chamber. The resul-

ting pulse height is relatively independent, of the specific ionization of the initiating

particle or photon. This region of operation is caller1 the Geiger-Mueller region.

The gas amplification factor can be as high as 1010 and the instrument is extremely

sensit ive and consequently can detect, radiation which produces even one ion pair.

Because of this feature it is not possible to distinguish radiations of different energies

using a Geiger tube.

During the discharge of the positive ions at the cathode of the Geiger tube,

secondary radiations may be generated. These can cause secondary pulses or even

set up a continuous discharge in the tube. This phenomenon can be avoided by a variety

of methods.

Geiger tubes are usually filled with an inert gas such as argon or helium at

about 0.1 atmosphere. Once a tube is discharged it must be quenched in order that

other particles may be detected. This quenching can be done by an electronic circuit

from which the high voltage is removed as soon as the discharge occurs. Self-quen-

ching tubes are now used in which quenching gases are introduced into the argon filled

counters. For large tubes, gases, such as ethyl alcohol are used. It has also been

found that halogen gases are very good quenchers and they are now being used because

of their longer life as opposed to organic-agent quenched tubes. Because of the quench-

ing action a G-M tube is inoperative for a very short time interval after each pulse.
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This is called the "dead time". The dead time is an important consideration only when

high rates of counting are involved.

A Geiger tube works in the region indicated in Figure 19. This region has

a flat section known as a "Geiger plateau" in which variation in voltage does not cause

variations in count rate. It is usually preferable to operate a Geiger tube in approxima-

tely the centre of the Geiger plateau. Beyond the Geiger plateau is the region of

continuous discharge, i.e., the tube will continue to discharge once a discharge is

initiated. This, if allowed to continue is damaging to the tube. Commercially avai-

lable tubes operate at voltages between 1000 and 3000 volts.

9.5 Photographic Detection

Darkening of photographic emulsion by radiation was the first method used

for detecting nuclear radiation. When radiation strikes photographic film it ionizes

the silver halide in the emulsion. The effect is so small that there is no visible sign

of any change in the exposed f i lm. However upon development the latent image is

converted into a black deposit of metallic silver. This darkening may be related to

the type, energy and quantity of radiation received on the f i lm.

Photographic methods for radiation detection and measurement are most

useful in the investigation of nuclear tracks. The most extensive use however is in

making radiographs as in X-ray diagnostic work and in autoradiography where the

exact location of a radioisotope within a complicated structure can be pinpointed.

9.6 Scintillation of Crystals

Various materials, when struck by radiation, convert part of the absorbed

energy to visible light. Such materials are called phosphors. There are many mate-

rials in nature which exhibit this phenomenon. Many ores and minerals give off a

fluorescence when exposed to ultraviolet light. Sodium iodide crystals containing

small amounts of certain impurities have excellent scintillating properties. For

every )"-ray photon interacting with such a crystal, a photon of light is emitted. The

magnitude of this light pulse is proportional over a wide range, to the energy of the

radiation. Further the sodium iodide is transparent to the light emitted and allows

it to be seen by a detector placed in close proximity. In a scintillation counter the

scintillating crystal is mounted on a photomultiplier tube and the whole assembly

sealed to render it light proof.

The photomultiplier tube is made up of a photocathode and a number of dynodes.

A light pulse entering the tube strikes the photocathode and ejects electrons, the

number of electrons ejected being proportional to the intensity of the light. The dynodes
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are maintained at an increasing voltage differential so that the electrons move from

one to the next with increasing acceleration and amplification. The result is an appre-

ciable energy pulse at the output of the photomultiplier. This amplified pulse may

be further amplified and fed into a counter.

Figure 19. Variation of Pulse Size With Applied Voltage
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Various types of phosphors are in use. While sodium iodide is commonly employed

for gamma radiation, silver activated zinc sulphide is not suitable for a-particlrcs.

The latter phosphor requires a large amount of energy transfer per crystal, to produce

the necessary light output. Hence if is insensitive to most radiations other than

a-particles. Anthracene is useful for the measurement of B-radiation although other

substances such as naphthelene and stilbene are also in use. Transparent plastic mate-

rials impregnated with phosphor are finding increasing use for many purposes.

Scintillation detectors have a number of advantages over the ionization type

instrument:

A. The ability to detect different types of radiation by changing the phosphor

used.

B. Their high sensitivity specially for gamma radiations.

C. Ability to measure high activities without losses due to dead time.

D. The possibility of using them as spectrometers for determination of the ener-

gies of the incident radiation.

9.7 Chemical Decoinposition

Radiation causes ionization and in certain mediums such ionization can initiate

chain reactions. Chain reactions in a chemical system serve the same functions as

an amplifier in an electric circuit.

Chemical reactions initiated as a result of radiation are of various types.

The main ones are:

A. Oxidation-reduction reactions.

B. Changing the pH of the solution.

C. Initiation of polymerization reactions.

A good trample of the first type is the Fricke dosimeter. This consists of

a dilute solution of f e r r u ^ sulphate which on absorption of radiation changes to ferric

sulphate. The amount of ferric sulphate produced is proportional to the amount of

radiation absorbed and can be determined by measuring the absorption of a certain

wave length of light (305 my).

A typical chemical decomposition indicator is a mixture of chloroform and

water which produces hydrochloric acid in proDortion to the radiation absorbed.

The consequent change in pH can be seen with built-in indicators.
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Radiation can induce polymerization in most monomers. It also can produce

degradation in polymers. Potentially both these reactions can be used for measuring

radiation dose. The former phenomenon usually results in the monomers solution

becoming more viscous. A measurement of viscosity gives a direct indication of radia-

tion dose. There are unending possibilities in this method of dosimetry.

Chemical dosimetry can be made very accurate when the absorbed dose is

to be measured. They are not sensitive for low doses of radiation, neither is it possible

to use them for rapid determination of radiation dose rates. They are essentially

a research tool useful for calibrating other types of instruments.

9.8 Fluorescent and Thermoluminescent Detectors

9.8.1 Fluorescent Dosimeters

Certain materials if subjected to ionizing radiation store the energy absorbed

and release it in the form of light if subjected to ultraviolet radiations. This pheno-

menon is called radiophotoluminescence. The amount of energy emitted in the form

of visible light is proportional to the amount of initial exposure to ionizing radiations

and can therefore be used for dosimetry.

Silver-activated phosphate glass used in commercially available instruments

are suitable for measuring up to 1000 grays. Some recently developed dosimeters

can measure as low as 0.3 mSv. For using such dosimeters specially designed and

calibrated instruments are required.

9.8.2 Thermoluminescent Dosimeter (See Chapter 14)

Dosimeters of this type are very similar to the phosphate-glass dosimeters

but instead of ultraviolet light, luminescence is induced by heating the phosphor at

a specific temperature. Lithium fluoride is a very suitable phosphor for this purpose.

It is usually used as a powder encased in a small capsule. This type of dosimeter also

requires an elaborate read-out instrument.

9.9 Calorimetric Determination

Radiation energy when absorbed in material is eventually converted to heat

energy, thus, the rise in temperature in the material being irradiated can be used

to measure radiation dose. The method is very insensitive and diff icult to use as an

energy absorption of 100 rads/min produces in material of unit specific heat, a tempe-
-4°

rature rise of only 2.5 x 10 C/min.
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9.10 Recoil and Nuclear Reactions (Neutron Dosimetry)

Neutrons do not ionize material through which they pass, neither do they have

any charge of their own. Hence the principles used for their detection have to depend

on secondary reactions. Further, the nature of their reaction with matter is greatly

dependent on their kinetic energy. This makes it necessary to utilize different princi-

ples for each range of energy.

In practice neutrons are classified as slow if their kinetic energy is less than

20 kV. All others are fast.

9.10.1 Slow Neutrons

SJow neutrons interact with matter by rapture reactions. In the human body

the reactions of importance are:

1H +
 Xn — J o

Slow neutrons react with Boron-10 to produce Lithium-7 as follows:

10Q 1 7, . 4, ,
B + n »- Li + He

The fast-moving helium or a-particle causes intense ionization and can thus

be detected. A detector of ionizing radiation having boron-lined walls and filled with

borontrifluoride gas if operated in the proportional region is suitable for detecting

slow neutrons.

For detecting a large number of slow neutrons, activation of foils is employed.

Materials such as gold with large capture cross sections become radioactive and then

can be detected. Short-lived radioisotopes are quite suitable. A similar reaction

is the production of Na-24 from natural Na-23. This reaction is used to measure

massive exposures to humans since sodium is a constituent of the blood.

9.10.2 Fast Neutrons

Fast neutrons lose their energy by collisions with other atoms. The most

effective material for slowing down neutrons is one which contains a large proportion

of hydrogen. Water and paraffin are commonly used.

To detect fast neutrons a detector of ionizing radiation can be surrounded

by paraffin and the recoil protons, produced by collisions with the neutrons, counted.

By use of pulse-height detectors and operating in the proportional region, the pulses

due tc the protons can be identified.



The boron-fluoride counter used for slow neutrons, if surrounded by paraffin

is also suitable for counting fast neutrons. Here the neutrons are first slowed down

and then undergo the nuclear reaction with boron.

Fast neutrons can be detected and counted by nuclear emulsion photographic

films. The recoil protons give rise to tracks in the film and these can be seen under

a microscope.

Various nuclear reactions have been used for the detection and estimation

of fast neutrons. Some of these take advantage of the fission reactions with natural

uranium. Others take advantage of capture reactions, such as that with sulphur:

32C 1 32 1
S + n p + p

This latter reaction has been used to determine fast neutron dose to humans.

The sulphur content of the hair in this nase is the built-in indicator.
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10. PERSONNEL DOSIMETRY

10.1 Introduction

Personnel monitoring instruments are designed to measure the cumulated

absorbed dose received by a person. These instruments are different from survey

instruments which normally measure the radiation exposure rate only.

The Radiation Protection Bureau has provided a dosimetry service on a national

scale since 1951. Until recently a photographic fi lm dosimeter was used but in 1976

the Thermoluminescent Dosimetry (TLD) System was introduced. Thermolumines-

cence is now the most widely used principle for personnel dosimetry and is an efficient

and reliable method of evaluating radiation exposures.

10.2 Personnel Dosimetry

A personnel dosimeter normally consists of a detector and a holder for the

detector. The following characteristics are desirable for personnel dosimeters:

(a) response is either energy independent over the desired range or an indication that

the quality of radiation is feasible;

(b) low response to radiation that falls outside the desired range and quality;

(c) low fading of registered dose;

(d) integration of dose received over a period of time;

(e) ruggedness, ease of wear, may be shipped by mail, and is tamper proof;

(f) identification is possible;

(g) low response to change in direction of incident radiation, and environmental para-

meters, such as humidity, temperature, illumination, chemicals, electromagnetic

and acoustic radiation;

(h) rapid estimation of dose.

A. Advantages

1. Has a wide range starting at a few microsieverts to 10 sieverts.

2. Can be reused many times.

3. Dose readout possible within 15 minutes of receipt of plaque.
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B. Disadvantages

1. Accuracy low for doses less than 0.1 mSv.

2. Sensitive to dirt and grease.

3. Does not provide direct information of contamination by radioactive material.

10.3 Thermoluminescent Dosimetry (TLD) System

The objectives of this service are:

(a) to estimate personal doses received by radiation workers and to keep records of

doses in a form commensurate with compliance requirements specified for the

protection of each radiation worker;

(b) to report to subscribing organizations doses received individually by each member

of a subscribing group;

(c) to draw to the attention of the pertinent managers and federal or provincial agencies,

the dose records of those radiation workers whose cumulative doses have exceeded

the recommended limits and of those who have suffered acute irradiation under

accident conditions;

(d) to provide service through postal delivery;

(e) to ensure that dose estimates are in units such that the recorded doses may be

summed together;

(f) to supply radiation workers with a well-designed personnel dosimeter or a set of

these to meet the objectives of the service.

10.3.1 Thermoluminescence and Glow Curves

Thermoluminescent materials are available in various forms, each of which

has advantages and disadvantages in personnel dosimetry.

Compacted chips of thermoluminescent materials produce more consistent

results than powder, rods or other forms. They are suitable for large-scale routine

personnel dosimetry, because of ease of handling and reusability.

Upon passage of ionizing radiation through a thermoluminescent chip, some

of the electrons in the material are released from the atoms and molecules in the

chip. Free electrons may become "trapped" at locations where impurities, i.e., foreign

atoms are present and may remain in the metastable state indefinitely at room tempe-

rature. When a chip is heated, the "trapped" electrons return to the ground state

and photons of visible light may be emitted during the transition. Thus, some of the

radiation energy, during an exposure, is stored in the chip and is released on subsequent

heating. The release is accompanied by emission of visible light and is generally
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called thermoJuminescence. The total amount of light emitted during the glow period

is a measure of the amount of radiation received earlier. The curve of light output

vs the temperature (at constant heating rate) is called the glow curve.

In applications of TL materials to personnel dosimetry, it is generally the

integral value of light output (as measured by a photomultiplier) that is used. The

glow curves are normally examined during the setting up of the reading instruments,

testing the chip batches, and during periodic calibration checks.

The shape of a glow curve depends upon many factors, including the heating

rate and its uniformity, the conductivity, size and shape of the phosphor, the guality

of the incident radiation, the radiation and annealing history of the sample, the level

of exposure, the characteristics of the recording instruments and the Pivi tube, the

composition of the TL material, etc.

10.3.2 Whole Body and Skin Dosimeter

The Radiation Protection Bureau provides two types of dosimeters, one for

monitoring doses to the whole body and skin and the other for monitoring doses to

the extremities of the body. Hands, arms, feet, legs, or head, are often closer to a

source of radiation than the main part of the body and receive greater exposure.

For this reason an additional dosimeter is sometimes necessary.

The dosimeter consists of a plaque and a plaque holder. The plaque is made

of an aluminum sfampinq and has the same length and width as the personnel monito-

ring f i lm. It has two holes with the face of each hole covered by an adhesive "kapton

tape". Two lithium fluoride thermoluminescent chips (one in each hole) are mounted

on this tape. The holder consists of an outer sleeve and an insert designed to accept

the plaque in only one orientation.

Dosimeters worn for monitoring whole body or skin dose should be worn u

the waist or lapel position. For monitoring dose received at extremities of the body,

a separate extremity dosimeter may be worn. This dosimeter consists of a plastic

ring with a circular indentation to hold a thermoluminescent lithium fluoride chip and

is normally worn on the finger.

10.4 Comparison of Dosirnetric Qualities of TL Lithium Fluoride and Photographic Films

Thermoluminescent lithium fluoride has both advantages, and disadvantages

compared to photographic films, for personnel dosirnetry. Essential aspects are tabu-

lated below primarily from the standpoint of large-scale routine personnel dosimetry.
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TL Lithium Fluoride Photographic Film

1. Tissue Equivalence and
Energy Response:

2. Response to Beta Rays
and Low Energy
Photons:

3.

4.

Number of
required:

Detectors

Mixed Radiation Expo-
sure:

5. Response to UV and
incandescent light:

6. Special Packaging:

7. Size:

8. Dose Range:

9. Fading:

10. Dose Rate Dependence:

11. Reusability:

12. Linearity of Response:

Effective Atomic Number is
close to that of air and tissue,
and therefore, calibration in
roentgens for X-rays and gam-
ma rays allows estimation of
mrem values within a few per-
cent of tissue dose, over a
wide range of energy.

Same calibration factor as
that for gamma rays is valid
within ± 20% for photons, and
electrons up to 10 MeV
energy.

Two detectors, one for whole
body dose and the other for
skin dose, are generally satis-
factory.

Dose accuracy within ± 20%
for mixtures of electrons and
gamma rays generally.

Small.

Not important.

Small.

Microsievert to 10' sieverts.
Accuracy low for exposures
less than 10 mrem.

About 5% in one year, inde-
pendent of room temperature
and humidity. Suitable for
extended monitoring periods
up to one year.

Negligible.

Can be reused many times.

Linear up to 10 sieverts.
Supralinear above 10 sieverts.

Effective Atomic Number is
appreciably different from
that of air, and response is
significantly more energy
dependent than for lithium
fluoride.

The calibration factor varies
widely with energy.

Response from more than
two areas of detectors is
necessary for energy identif i-
cation.

Accuracy varies widely de-
pending on the composition
of the mixture.

Very high.

Very critical.

Larger sizes are required.

Microsievert to 10 Sv.
Accuracy high for less than
0.10 mSv for diagnostic
X-rays, but low for Cs-137
gamma rays.

Half-l i fe may be less than
one year at room tempera-
ture and humidity. Not suit-
able for extended monitoring
periods.

Negligible.

Cannot be re-used.

Requires a film pack
containing more than one
type of f i lm to maintain
linearity to 10 sieverts.
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13. Retention of Dose in- Not possible. Dose readout Possible by careful storage of
formation after Read- data are retained from records processed films for many
out: of registered dose. years of storage time.

Possible with more than two
suitable filters over separate
areas of the same f i lm.

14. Diagnostic Information: Limited with two detectors.

15. Computer Interpreta-
tion of Dose:

16. Plaque Identification:

17. Dirt and Grease:

18. Interference from Tr i -
t ium:

19. Useful Information:

20. Lmergency Monitoring:

21. Shipment by Mail:

22. Reporting Speed:

Simple because of linearity Complicated because of non-
over the wide dose range.

Automatic.

Sensitive.

Small.

linearity of dose response
with energy of exposure.

Not easily automated.

Not sensitive.

Large.

Does not provide direct infor- Provides vivid information of
mation of contamination by radioactive contamination

and guidance to good house-
keeping.

radioactive material.

Dose readout possible within Dose readout possible withi I
15 minutes of receipt of several hours of receipt of
plaque. f i lm.

Suitable for Shipping and re- Suitable for shipping and
ceiving by mail. receiving by mail.

Routinely within twenty-four Routinely witnin several days
hours of receipt of used dosi- of receipt of used dosi-
meters, meters.

10.5 Direct Reading

The self-reading pocket dosimeter is the most useful of the other types of

personnel dosimeters. It looks and is carried like a fountain pen.

Inside the barrel is a quartz fibre and a wire, each bent into a "U" and joined

at the ends to form a conducting system. A built-in microscope with a transparent

scale is focussed on the centre of the bend in the quartz fibre.

When an electric charge is applied to the system, the quartz fibre is repelled

from the bent wire. This happens because two bodies with similar charge repel each

other. The dosimeter is now charged and reads "Zero" on the scale.

One way of discharging the dosimeter is by making the air inside conducting.

This can be done by ionizing this air with radiation. The amount of discharge would
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show up as a movement of the quartz fibre, since this would tend to fdll back to its

original position. This movement can be read on the scale and is a measure

of the amount of radiation which caused the ionization.

Figure 20. Direct Reading Dosimeter
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This type of dosimeter is basically an ionization chamber. It has certain advan-

tages and disadvantages as follows:

A. Advantages

1. It is fairly robust and does not need too much care for maintenance.

2. It is small and can be clipped on easily to clothing or any part of the body.

3. It is weather proof and does not have to be protected from rain or sun.

4. It can be read any time and anywhere by the user and thus gives an indication

of the dose received immediately after exposure.

B. Disadvantages

1. There is no way of finding out the quality of the radiation.

2. It has a very limited range usually less than 1 Roentgen.

3. It does not provide a permanent record since they can be charged and discharged

at wi l l .

4. It can give false readings under many circumstances, e.g., being dropped on a hard

floor.
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11. SURVEY INSTRUMENTS

11.1 Introduction

Survey meters are similar to other radiation detection instruments in opera-

tion. An ideal survey meter would be portable, rugged, sensitive, simple in

construction and reliable. All these features may not be available in any one

instrument, but there are many that have most of them.

The most common survey instruments used in radiography are ion chamber and

Geiger-Mueller (GM) types.

11.2 Instrument Characteristics

Characteristics to be considered in the selection of a survey instrument.

11.2.1 The instrument should read off-scale on the high side when subjected to

radiation intensities greater than those for which it is designed to measure.

11.2.2 The instrument should be capable of measuring radiation dose-rates up to

100 mSv/h with an accuracy in the range from 20 u Sv/h to 10 mSv/h within 20% ± of

the true dose-rate.

11.2.3 The instrument should function properly in the environment in which it wil l be

used. Special attention should be given to such factors as heat, cold, and humidity.

11.2.A The instrument should incorporate a battery testing feature to monitor the

batteries that provide its power.

11.3 Inspection and Maintenance

11.3.1 The instrument should be calibrated within at least a three-month schedule.

11.3.2 Battsries should be replaced at regular intervals. Spare batteries should be

carried into the field.

11.3.3 Prior to use, inspect the instrument for mechanical defects, condition of

batteries and operation.

11.3.4 Test the instrument response with a check source each day before use and

frequently throughout the day to be certain it is operating properly. If a check source

is not available, the instrument may be tested by placing it on the surface of a

radiographic exposure device. The device, with the sealed source in the storage
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position, will have a characteristic "surface" exposure rate which can be used to check

the response of the instrument. Be sure you know the radiation level at the surface

(survey meter if) contact with surface) of your exposure device.

.11.3.5 if the survey instrument fails to respond properly to any of the above checks

or tests do not use it until it has been repaired and/or re-calibrated.

11.3.6 Store survey instruments in a clean dry place. Moisture, high humidity, and

extreme temperatures (greater than 50°C or less than 0QC) should normally be

avoided.

11.4 Calibration

Instruments are desiqned to read directly in radiation units, generally in ySv/h

or mS/h. However, since the characteristics of individual components cause variations

in instruments response it becomes necessary to calibrate each instrument for the use

intended. The Inverse-square Law provides a convenient approach for calibration. The

dose rates from a source of known strength at various distances can be calculated and

compared with the readings of the survey meter. (The calculated intensities and the

meter readings should be approximately the same).

When calibrating an instrument, the reference point of the instrument is

generally considered as the centre of the sensitive volume which shuuld not be less

than 30 cm from the radiation source.

For X-ray work the instrument inust be calibrated for the energies in the

region of interest. The amount of fi ltration and the type of X-ray generator must also

be taken into consideration to obtain an accurate calibration curve. High degree of

accuracy is required for measuring the output of an X-ray tube; however, for survey

work, where scatter intensities are of main interest, inaccuracies of the order of 10%

may be tolerated.

11.4.1 Adjustment

Some survey meters have a calibration adjustment screw whereby the dial

needle can be moved to read the dose rate calculated for that particular distance. If

no calibration adjustment is available, the meter readings should be plotted against the

calculated intensities, an a graph paper, and this used fur correcting the readings

obtained (See Figure 21).
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11.4.2

"D
a)

3

"to
U

Calibration Curve

From 5 to 10 equally spaced scale readings should be taken and a graph of

these values versus the calculated or "true" intensities at the corresponding points

should be plotted on linear or log-log graph paper.

The calibration curve thus obtained may be used to determine the "true"

radiation intensity. For example, on Figure 21, a meter reading of 10 ySv/h indicated

on the abscissa (horizontal axis) gives a "true" intensity of 7 (iSv/h as read on the

ordinate (vertical axis). Not only will a calibration curve indicate instrumental error

but it wil l also provide a means of determining the "true" values.

Figure 21. A Typical Calibration Curve

70

Meter Reading
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12. RADIATION PROTECTION GUIDELINES

12.1 Introduction

In radiographic operation*- using X-ray machines or radioisotopic sources the

magnitude of the radiation hazards to personnel and others in the vicinity depends

upon a number of factors. Some of these will apply to both X-rays and radioisotopes,

whereas others will apply only to the latter.

Industrial radiography is considered to be one of the most hazardous peace-

time uses of radioactive materials and this is probably due to many factors, the

important ones being:

(a) high intensity, high energy gamma emitters are used;

(b) it is necessary in most situations to bring the source outside of its shielded

container;

(c) the work is most often done in areas that must be changed in accord with

production requirements;

(d) production requirements can be severe, demanding high performance rates

from the radiographer.

However, where suitable precautions are taken, the handling of radiation

sources is a safe operation. In this respect, training of personnel is one of the most

important factors.

12.2 Training of Personnel

Persons using X-rays or radioisotopes in industrial radiography should receive

training that wil l give a full understanding of:

12.2.1 The fundamentals of radiation protection.

12.2.2 The proper operation of the radiographic devices and equipment.

12.2.3 The use of safety and protective equipment.

12.2.4 The regulations pertaining to the use of X-rays and radioisotopes in industrial

radiography.

12.2.5 The procedures to be followed in the event of equipment malfunction, accident

or fire involving the radioactive source.
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12.3 Responsible User

The person who will supervise and be responsible for the X-ray machines

and/or radioactive sources should:

12.3.1 Be aware of the hazards associated with the presence of radiation in the

installation and if necessary obtain the advice of a qualified expert.

12.3.2 Provide instruction concerning radiation hazards, safe work practices and

emergency procedures to employees and also to those who may occasionally be

exposed to radiation.

12.3.3 Ensure that all employees working with radiographic devices and all authorized

visitors to areas where radiation may be present are supplied with necessary personnel

monitoring devices.

12.3.4 Ensure that radiographic devices are not handled by unauthorized personnel.

12.3.5 Follow and enforce all requirements of pertinent regulations.

12.4 Monitoring Devices

12.4.1 Every person using ionizing radiation should wear a direct-reading dosimeter

and a thermoluminescent dosimeter.

12.4.2 A radiation survey meter should:

(a) be used frequently during each operation;

(b) have a range such that dose-rates up to 100 mSv/h can be measured (see

Section 10.2.2);

(c) for X-rays it should be of the ion-chamber type.

12.4.3 All monitoring equipment should be properly maintained and calibrated for the

energy of the radiation in use.

12.5 Safety Evaluation of Radiographic Equipment

Every radiographer should understand the working principles and operations of

each radiographic unit that he wil l be using. The equipment should be checked before

taking it out to the field and before using it to ensure that it is functioning satis-

factorily. This wil l enabje him to deal with emergencies with the minimum of delay

and thus limit personal radiation exposure.
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12.6 Operating Procedures Manual

Each radiographic inspection company should have an operating procedures

manual for routine operations and emergency procedures to keep its operations within

the framework of pertinent regulations and health and safety standards. The following

information should be included in the manual:

12.6.1 The name of the responsible user and his alternate, including the telephone

numbers where they can be contacted.

12.6.2 Routine operating procedures, with particular reference to health and safety,

to be observed during radiographic operations in the exposure room as well as in the

field or other temporary locations.

12.6.3 Procedures for the proper use, care, and maintenance of:

(a) monitoring devices

(i) survey meters

(ii) direct reading dosimeters

(iii) thermoluminescent dosimeters

(iv) audible dosimeters ("chirpers")

(b) radiography equipment

(i) regular maintenance schedule

(ii) leak tests

12.6.4 Source changing procedures.

12.6.5 Procedures for storage of sources and radiographic equipment.

12.6.6 Transportation requirements for sources and radiographic equipment.

12.6.7 List of emergency equipment which should be available at every radiography

site.

12.6.8 Emergency procedures.

12.6.9 Methods of maintaining records.

12.6.10 Pertinent regulatory requirements.
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13. RADIOGRAPHY OPERATIONS

13.1 Introduction

Every radiographer should know his/her employer's operating and emergency

procedures. The need for a rush job should never be used as an excuse to bypass

established operating procedures or to compromise good safety practice. Nor should

verbal instruction which bypass th° established operating procedures be accepted by

the radiographer.

13.2 Restricting the Area

13.2.1 Operations Within Shielded Facilities

(a) check all interlocks and radiation survey equipment to be sure that they are

operating properly;

(b) be sure all operations to be carried out are in accordance with established

operating procedures;

(c) conduct a thorough search to ensure that the radiographic area is clear of

people before making an exposure;

(d) the radiation levels in areas surrounding a shielded facility should be

determined by a physical radiation survey for each radiographic set-up to be

carried out within the facil i ty. The survey, which will determine if any area

surrounding the facility must be restricted, should include all area

immediately adjacent to the faci l i ty, including those above (lofts, cranes,

offices, etc.), and below the facil i ty;

(e) do not allow anyone to enter the exposure area during the radiographic

exposure. The area must be locked, equipped with a control device and alarm

system, or maintained under continuous surveillance;

(f) when the exposure is completed, conduct a thorough radiation survey of the

area to verify that the X-ray tube has been de-energized or the radioactive

source has been returned to its proper storage position within its shielded

container. Record this survey.

13.2.2 Operations in the Field or Other Temporary Locations

(a) determine the area to be restricted prior to making an exposure. The

restricted area should include all occupiable locations where the dose-rates

exceed 100 uSv per hour.
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(b) inform all personnel working in the vicinity of the radiographic site, of the

proposed radiography and inform them that they are not to enter the

restricted area;

(c) once the boundary of the restricted area has been determined, post radiation

warning signs around the area to prevent unauthorized entry. A barrier should

be erected if the radiographer does not have a clear view of the entire

restricted area.

(d) during the exposure (while the radiation is ON), conduct a radiation survey to

verify the radiation levels at the boundaries of the restricted area;

(e) when the exposure is completed, conduct a thorough radiation survey of the

area to verify that the X-ray tube has been de-energized or the source has

been returned to its proper storage position within its shielded container.

Record this survey.

13.3 Radiation Surveys

Eighty per cent of all overexposures in the radiography industry have been

linked to failure of the radiographer to conduct proper radiation surveys. Proper use

of a radiation survey instrument can prevent accidental exposure of personnel by

alerting radiography personnel to the presence of radiation.

13.3.1 Performance of Surveys

Radiation surveys should be carried out for the following:

(a) to determine the area to be restricted during radiographic operation or if the

area has been determined by calculation, to verify the radiation levels at the

boundaries of the area;

(b) at the completion of a radiographic exposure of source change operations to

verify that the radioactive source has '"sen returned to its proper storage

position within the shielded container;

(c) during and at the completion of all radiographic exposures and also whenever

the radioactive source is removed from its proper storage position in its

shielded container;
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(d) if there is any reason to suspect malfunctions of the exposure device which

will result in radiation exposure;

(e) when securing a gamma exposure device at the completion of a job or at the

end of a work shift.

13.3.2 Verification of Source Location

When carrying out a survey to verify that the radioactive source has been

returned to its proper storage position.

(a) check radiation levels at several locations on the gamma exposure device. If

radiation levels on the surface (with survey instrument in contact with

surface) of the device are not the same as those found previously with the

source in its shielded position, acsume that the source has not returned to its

storage position and make additional surveys to locate the source (a zero

reading at the surface of the device indicates that the sealed source is not in

the device or that the survey instrument is not working properly);

(b) check the radiation level at the place where the source guide tube is

connected to the exposure device. If the sealed source is only partially

retracted into a projection-type gamma exposure device; a beam of radiation

may stream from front of the device which cannot be detected by surveying at

other points on the device.

(c) survey the source guide tube prior to repositioning it for another exposure. A

radioactive source located at the end of a guide tube may produce a reading at

the surface of the exposure device similar to that found when the source is

stored within the device, especially if a collimator is used;

(d) regard any abnormally hi j h instrument reading as valid until it is proven to be

incorrect. To ignore, high or otherwise unexpected readings may result in

radiation overexposure or injury. If there is doubt as to whether the radio-

active source has been returned to its storage position in the exposure device,

then all operations should be stopped and the radiographer should implement

emergency procedures.

13.4 Personnel Monitoring

13.4.1 Wear direct reading dosimeters and f i lm badges or thermoluminescent

dosimeters when performing radiographic operations (A "chirper" or other type of

audible personnel monitoring device is very useful in a favourable environment).
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13.4.2 Read direct-reading dosimeters frequently and at least twice daily - at the

beginning and end of the work shift.

13.4.3 Handle dosimeters and TLD badges with care. They should not be dropped,

exposed to excessive heat, moisture or corrosive atmosphere.

13.4.4 Store personnel monitoring equipment in a cool, dry location away from any

radiation source when not in use.

13.4.5 Wear personnel monitoring equipment in plain sight on outer clothing.

13.4.6 Do not use personnel monitoring equipment that is defective oi Jspected of

being defective.

13.4.7 Record direct reading dosimeter readings daily.

13.4.B Report promptly unexpected high or "off-scale" readings on a direct-reading

dosimeter tu the supervisor and stop work until the cause has been determined.

13.5 Recommended Practices for Inspection and Maintenance

13.5.1 Carefully check all equipment each day before use.

13.5.2 Record date, time, and signature of the person making the inspection.

13.5.3 Be alert for equipment wear or damage. Particular attention should be given

sealed source connectors on projection-type devices.

13.5.4 When the inspection requires movement of the source, always monitor the

operation with a radiation survey instrument.

13.5.5 Never use equipment found to be operating improperly or suspected of being

unsafe. Report all such equipment to the responsible user.

13.5.6 Clearly tag and label any defective radiographic exposure device to prevent its

use by others.

13.5.7 Never replace locks with clips or clamps that can be opened without keys.

13.5.8 Never alter the locking mechanism or other parts of the exposure device to

make it "easier" to use unless specifically authorized to do so by the responsible user.

13.5.9 Only personnel specifically trained and qualified to make repairs should

attempt to make repairs on defective exposure devices.
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14. EMERGENCY PROCEDURES

14.1 Introduction

All radiography personnel should be familiar with their operating and

emergency procedures and should know what steps to take if an emergency arises. In

addition, radiography personnel should consider what types of emergency conditions

could occur for each radiography operation and take steps to prevent their occurrence.

IF AN EMERGENCY DOES OCCUR, "STOP AND THINK" BEFORE ACTING'.

14.2 Operational Emergencies

14.2.1 If a malfunction of an X-ray machine occurs during radiographic operations

and the control switch fails to terminate the X-rays, immediately take the following

steps.

(a) ensure that the restricted area is under surveillance;

(b) disconnect power supply;

(c) carry out radiation survey to ensure that the X-ray tube has been de-

energized;

(d) do not use the equipment/installation until the malfunction has been repaired.

14.2.2 If an accident occurs during a radiographic operation so as to leave the sealed

source exposed, immediately take the following steps.

(a) try to return the source into the exposure device by normal means if possible

and lock the camera;

(b) carry out a radiation survey to ensure that the source has been returned to its

proper shielded position;

(c) do not use the device until it has been checked to be certain that it .o operating

properly. If the device does not operate properly, cease all radiographic

operations and notify the responsible user.

(d) restrict and post the area and then contact the supervisor in the event that the

source cannot be returned to the exposure device;

(e) DO NOT ATTEMPT TO RETRIEVE A SEALED SOURCE THAT CANNOT BE

RETURNED TO THE SHIELDED CONTAINER BY NORMAL MEANS OR
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ATTEMPT TO REPAIR THE EQUIPMENT THAT AEFECTS CONTAINMENT

OF THE SOURCE UNLESS YOU HAVE RECEIVED SPECIAL TRAINING IN

THESE AREAS.

14.2.3 Immediately notify the responsible user in the event that an exposure device

containing a radicactive source has been lost or stolen. (Such incidents must be

reported to the Atomic Energy Control Board)

14.2.4 Immediately cease all radiographic operations, restrict and post the area if the

sealed source is suspected of damage and may be leaking. Contact responsible user for

instructions.

14.3 Transportation Emergencies

14.3.1 In the event of a road accident involving the vehicle transporting exposure

devices, immediately conduct a radiation survey to determine if a radioactive source

has been exposed. If high radiation levels are fojnd, take the following steps:

(a) restrict and post the area;

(b) station someone at the site to maintain surveillance over the restricted area;

(c) notify the responsible user.

14.3.2 If the survey meter is damaged or inacessible, assume that the source is fully

exposed and restrict and post the area accordingly.

14.3.3 If injured and unable to physically perform the required surveys and exercise

control over the area, assist the civil authorities by direction, if possible.
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BASIC MATHEMATICS

I. Introduction

This review consists of elementary mathematics for salving problems presented in

the course. It is confined mainly to applications of basic equations and the use of powers of

ten.

II. Equations

A. Simple Equations

First consider a simple equation with known quantities and 1 unknown. An example

is Ohm's law, which can be expressed mathematically as

" k
where, I, is the current in amperes

E, is the potential in "volts" N

R, is the resistance in "Ohms"

If "E" and "R" are known the equation can be solved for " I " .

Example

Given "E" = 120 volts and "R" = 20 Ohms, what is the value of "I"?

Solution
i _ 120

- 6 amperes

Similarly, the equation can be solved for either "E" or "R" by rearranging the

equation so that the unknown quantity or factor is to the left of the equal sign and al_l the

knowns are on the right, e.g., E = I x R, or R = E/I.

When a factor or expression is transferred to the opposite side of the equal sign, its

sign must be changed i.e., plus to minus or multiplication to division and vice versa.
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Examples

(a) x + 5 = 12 (c) 4x = 20

x = 12 - 5 x = 20 v 4 or ^

= 7 = 5

(b) x - 4 = 10 (d) £ = 12
x = 10 4- 4 x = 1 2 x 4

= 1 4 = 4 8

B. Equations Involving Powers of Numbers

The relationship between radiation intensity and distance is given by:

I . < *
0 ~2

where, I, is the new intensity

I , is the original intensity

D, is the new distance

D , is the original distance

An equation of this type can be solved if 3 of the 4 parameters are known. However,

it is slightly complicated because two of the factors have power indices (i.e., they are taken

to the 2nd power).

To solve the equation, the unknown factors are transposed to the left and the

knowns to the right of the equal sign.

Eor example, using the above to find the intensity at different distances, it should

be put in the following form

I = D o 2 l o

D 2

Example 1

Intensity and distance are 100 units and 2 metres respectively, what is intensity at

4 metres?
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Solution

2 2

I = —~ x 100 = 25 units.

4

If the radiation ievel is to be changed by changing the distance, the equation should

be written as

D =

Example 2

Intensity at 2 metres is 300 units, at what distance is the intensity of 3 units?

3

= V 400

= 20 metres

The relationship between intensity and distance is known as the Inverse-square Law

and is very important.

If the unknown appears in the index, the situation is more complex. For example, in

barrier thickness calculations an equation of the type, 2n = R, is used

where, n, is the number of "HVL" and

R, is the reduction factor

(HVL or half-value layer denotes the thickness of a given material that reduces the radiation

intensity to 1/2 its original value, and "R" or the reduction factor, is the ratio of original

intensity to "desired" intensity).

Example

Intensity at a certain point is 80 units and it is required to reduce this to 10 units,

how many HVL are required?

Solution

I
Since, R = j —

8 0 8T 0 " b

and 2n = 8
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by inspection "n" is equal to 3, This type of equation can be solved by using

logarithms

2n = 8

n log 2 = log 8

Ion 8
or n = . =

log 2

from a table of "logs" or appropriate scale on the slide rule log 8 = 0.9041, similarly,

log 2 = 0.3010,

0.90^1
n = DT50T0

= 3

C. Equations Involving Exponential Functions

Many mathematical equations include exponential functions, which involve the

powers of "e". The value of "e" is 2.718 and values for powers of "e" can be found in various

handbooks.

1. The decay of radioisotopes is expressed mathematically as

N = N e ~At

o

where, N , is the initial number of atoms

N is the number of atoms after a given time " t"

AQambda) is the decay constant.

2. The absorption of radiation by matter is expressed mathematically as

where, I , is the original intensity

I, is the intensity after the radiation passes thru a material of given

thickness "x". " U " (mu) is the linear absorption coefficient.

Values of X and l-i for different materials are given in various handbooks on radiation

physics.

Since problem solving in this course does not involve exponential equations, no

further discussion will be made on this subject.
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III. Powers of Ten

Powers of ten or "engineer's shorthand" is a simple way of expressing very large or

very small numbers. For example, 37000000000 can be written as 3.7 x 101D and 0,00032 as

3.2 x 10-*.

When using powers of ten, the usual laws of indices must be observed. That is, in

multiplication, the powers are added, and in division, the powers are subtracted. Like

powers in numerator and denominator may be cancelled. Also, powers of ten may be

transferred at wil l from denominator to numerator, or vice versa, provided the sign of the

index is changed.

Examples

(a)

(b)

(c)

(d)

IV. Graphs

103

107

105

105

6 x
2 x :

x 106

+ 10*

= 1

1£J2

= 10-3 + 6

= 107-4

3 x 10 2

= 109

= 103

x 10* = 10 6

A graph is a pictorial representation of an equation, each point on the curve on the

graph satisfying the conditions of the expression from which it is derived. Grapf ic

representations are based on the principle of representing a number by a vector, that is a

linear distance on a selected scale. The relationship between two variables is represented

on the matrix formed by axes at right angles.

For example, survey meter calibration curves can be plotted ;;n graph paper.

Usually arithmetical (linear) or log-log type of graph paper is used. The calculated

intensities are indicated on the "y" or vertical axis and the meter readings are indicated on

the "x" or horizontal axis.
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CONVERSION FACTORS FOR S.I. UNITS

Multiply —

To Obtain •*-

becquerel (Bq)

gigabecquerel (GBq)

terabecquerel (TBq)

sievert (Sv)

millisievert (mSv)

microsievert ( ySv)

curie (Ci)

millirem

rad

millirad

roentgen (R)

milliroentgen (mR)

2.58 x 10-/4

2.58 x 10"7

To Obtain

Divide

Curio (Ci)

Curie (Ci)

Curie (Ci)

rem

rem

millirem (mrem)

becquerel (Bq)

kilobecquerel (kBq)

megabecquerel (MBq)

gigabecquerel (GBq)

terabecquerel (TBq)

sievert (Sv)

millisievert (mSvl

millisievert (mSv)

microsievert ( pSv)

gray (Gy)

milligray (mGy)

milligray (mGy)

microgray ( uGy)

coulomb/kg (C/kg)

coulomb/kg (C/kg)



APPENDIX III

- 71 -

LEAK-TESTING OF SEALED RADIOGRAPHY SOURCES

I. Procedure

Of the several methods for leak-testing of sealed sources, for radiographic source

contained in an exposure device, the best is the wipe test. A piece of moist f i l ter paper, or

preferably a moist cotton-tipped swab (Q-tip) may be used for this test. The liquid used to

moisten the swab must not react with the container and if possible should be a solvent of the

chemical compound of the radioactive element. Water containing a cleaner such as Alconox

or Sparkleen should be used for moistening if there is doubt about the action of the liquids.

Leakage test for radiographic sources should be done by wiping the exposure device

part and the projection or source guide tube or any other likely area of leakage. Care should

be taken that the source is in its fully shielded position. NEVER ATTEMPT TO WIPE THE

SOURCE ITSELF.

Once the swab has been used, it should not be touched or allowed to touch other

objects as this would spread contamination if in fact the source being tested was leaking.

After the moistened wipe has dried, it should be monitored for radioactivity using a suitable

instrument.

, Leakage Limits

In sources containing radioactive material other than radium, the presence of more

than 200 becquerel of radioactivity in the test sample is indicative of a leaking source. If a

portable survey instrument is used to count the test samples, this level of activity would be

approximately equivalent to one microsievert per hour for gamma emitters or about twice

the normal background of the survey instrument for beta emitters.

. Procedures After a Leaking Source is Discovered

If a leaking source is encountered, it should be removed from service and sealed in a

container to prevent the spread of contamination. Al l equipment and personnel which have

come in contact with the leaking source should be checked for contamination and deconta-

minated if necessary.

A report must be made to the Atomic Energy Control Board as soon as possible

outlining all pertinent details such as the equipment involved and the corrective action

taken.
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REPLACEMENT OF SEALED SOURCE IN EXPOSURE DEVICE

[. Introduction

The changing or replacement of the sealed source in a radiographic exposure device

should be performed only with the use of approved source changer and by persons specifical-

ly trained and authorized to do so. Source changers are designed to permit safe changes of

sealed sources when used by gualified personnel in accordance with the manufacturer's

instructions and in conjunction with an operable radiation survey meter.

II . Source Changing

The precautions used when carrying out radiographic exposures should also be applied

when making a source change. The following practices are specifically recommended:

1. Obtain and follow prepared source changing procedures. The procedures should include

complete instructional diagram of the device.

2. Be sure that all necessary eguipment, including any special tools and shielding are

available before starting the source exchange.

3. NEVER ATTEMPT TO MAKE AN EXCHANGE WITHOUT HAVING AND USING AN

OPERABLE, CALIBRATED RADIATION SURVEY INSTRUMENT. The meter should be

placed between the exposure device and the source changer so that it will not bs

shielded from the radiation when the source is exposed.

4. When the new (replacement) radioactive source has been transferred to the exposure

device, inspect all connectors and source guide tubes for damage. (Do this only after

performing a radiation survey to assure that the source is secured in the storage

position).

5. Lock and secure both the exposure device a id source changer.
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FACILITIES FOR INDUSTRIAL RADIOGRAPHY OPERATIONS

I. Radiography Room

The designing of a radiation facility is a complex problem and requires a great deal

of planning and engineering skill. The following are basic guidelines only.

1. Location

All major radiation sources should be installed in a room especially designed for the

purpose. Such a room should be located in an isolated area where only radiation workers are

likely to be present. In choosing the site, consideration should be given to the possibility of

other buildings which may be built in the future, since in such an event additional shielding

may be required. The adding of shielding to existing installations can be difficult and

therefore costly. It should be possible to isolate the exposure room during emergencies, and

thus, there should be no throroughfare in its vicinity.

2. Design of the Exposure Room

There are two basic considerations in designing the room and these are:

(a) ease of operations;

(b) safety of personnel and others.

For protection the design of the room should ensure that the maximum radiation

levels in areas accessible to non-radiation workers or the general public should not be in

excess of 2.5 pSv in one hour. In areas where radiation workers will spend most of their

working hours, the maximum permissible dose-rate is 25 y Sv in any one hour. To achieve

these figures, in general, considerable savings in shielding costs can be made by using a

radiation maze rather than putting a heavy shielded door at the entrance of the exposure

room. The door itself then will be adequate foi scattered radiation but not the primary

beam. A warning light should be placed at the entrance(s) to indicate that a radiographic

exposure is in progress. The controls located outside of the exposure room must be so located

that the operator can observe the entrance(s) to the room at all times.

Where large Cobalt-60 sources and X-ray machines are used as fixed installations,

additional safety features must be incorporated. Some of these are:



- 74 -

(a) all doors to the exposure room should be interlocked with the shutter mechanism

and/or central switch so that it is impossible for any person to enter the room while

the radiographic exposure is in progress;

(h) in addition to the interlocks, there should be warnings signs both around the room,

at the entrance(s) and in the control booth;

(c) it is essential to have fixed radiation monitors at various locations so that in case of

failure of the interlock system, no person will inadvertently enter the high

radiation field.

II. Storage of Radioactive Radiography Source

When not in use, radioactive sources contained in source changers or exposure

devices should be stored in an enclosure which is:

(a) in a location under the jurisdiction of the responsible user and not in residential

areas or places normally frequented by people;

(b) made of fireproof materials;

(c) used exclusively to store radioactive materials, monitoring, and other safety

devices;

(d) provided with a lock so that there is no possibility of unauthorized removal of

radioactive sources;

(e) conspicuously marked with radiation warning signs, the name, address and phone

number of the responsible user and an alternate.

The radiation dose-rates in accessible areas around the storage enclosure should not

exceed 2.5 ySv in one hour.
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RADIATION WARNING SIGNS

I. Introduction

Whenever or wherever radiation dose-rates exceed acceptable permissible levels

the area or equipment must be posted or marked with appropriate warning signs.

Radiation warning signs will vary depending upon the type of radiation involved. In

industrial radiography in Canada, there is in addition to the familiar magenta on yellow

trefoil for radioisotopes, a symbol for X-radiation.

II . X-Ray Warning Symbol

The trefoil has been used for many years to indicate the presence of a hazard from

sources of ionizing radiations, which include X-rays and radioisotopes. However there is a

significant difference between the two types of sources of radiation, namely an X-ray

generator is hazardous only during its active period, but a radioisotope source is continuously

hazardous.

The X-radiation warning sign for posting X-ray radiography sites and for attaching

to X-ray emitting devices is a sign that:

(a) is designed in accordance with the following diagram:

The warning sign used in Canada

to indicate the presence of a hazard from X-radiation
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(b) is as prominent as is practical and of a size consistent with its use and as to permit

the symbol to be read from a safe distance;

(c) is shown in two contrasting colours, and;

(d) bears the words, "Caution X-rays" and "Attention Rayons-X".

III. Warning Symbol for Radioactive Materials

1. For the purposes of the Atomic Energy Control Regulations, the following warning

symbol is approved.
— 60'

A = Radius of Central Disc

2. The symbol shall be as prominent as is practical, and of a size consistent with the size

of the equipment or material to which it is affixed or attached, and shall be of such size

as to permit the symbol to be read from a safe distance, but the proportions set out in

section 1 are to be maintained.

3. Unless the circumstances do not permit, the symbol shall be oriented with one blade

pointed downward and centersd on the vertical axis.

4. Appropriate wording used in association with the radiation symbol to indicate the

nature of the source of radiation, type of radiation, limits of occupancy and similar

precautionary information, shall not be superimposed on the symbol.



- 77 -

5. The three blades and the centre disc of the symbol shall be:

(a) coloured reddish purple (magenta) or black; and

(b) located on a yellow background;

and the colours shall be similar to those shown in Canadian Standards Association

Specification for a Radiation Symbol, Z69-1960.
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TRANSPORTATION OF SEALED RADIOGRAPHY SOURCES

Radiographic exposure devices may be subjected to abuse during movement to various

work sites. Care must be exercised in transporting equipment to avoid damage.

Some recommended practices are as follows:

1. Ensure that only those devices which are "certified for transport" are transported.

2. Ensure that earn device being transported is prepared for transport with the source locked

in position, safety cables installed as required, and when required by transportation

certif icate, contained in the required overpack that is properly closed.

3. PLACARD THE VEHICLE SO THAT IN THE EVENT OF AN ACCIDENT OTHERS WILL BE

IMMEDIATELY AWARE THAT RADIOACTIVE SOURCES ARE IN THE VEHICLE. (Appro-

priate markings should be spelled out in the company's operating and emergency procedures).

i. Be sure that radiation survey instruments needed to survey the vehicle, and a copy of the

operating and emergency procedures manual accompany each source transportation.

5. Be sure that radiation levels in and around the vehicle are maintained in accordance with

the company's operating and emergency procedures.

6. Be sure that the vehicle and the exposure device or other container are both locked

whenever the driver is not present.
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GLOSSARY OF TECHNICAL TERMS

Absorbed Dose - See gray

Absorption - The process whereby energy is imparted to matter.

Active - A common term used to mean radioactivity.

Activity - Frequently used as a shortened term of radioactivity.

Alara Principle - ICRP recommendation that radiation exposures be kept as low as reasonably
achievable, economic and social factors being taken into account.

Alpha Emitter - A radioactive substance which gives off alpha particles.

Alpha Particles - Often referred to as alpha rays: these are positively charged nuclei of helium
atoms.

Anemia - A condition in which red blood cells are either deficient in number or abnormal in other
ways - such as hemoglobin content.

Angstrom - ($) - Unit of measurement: 1A = 1/100 000 000 cm or 10"8 cm.

Artificial Radioactivity - That produced by bombardment of a target element with nuclear
particles.

Atom - The smallest unit into which an element can be divided.

Atomic Number (Z) - The number of protons found in the nucleus of an atom.

Atomic Weight (A) - The number approximately equal to the sum of the number of protons and
neutrons found in the nucleus of an atom.

Attenuation - The process by which the radiation field is reduced when passing through matter.

Autoradiography - A self portrait of radioactive source made by placing the radioactive material
close to photographic film.

Background - A term used to describe the radioactivity or radiation field of the environment.

Barriers - See Protective Barriers.

1. Primary - barriers sufficient to reduce the useful beam to the permissible level.
2. Secondary - barriers sufficient to reduce the stray radiation to the permissible level.

Battery Check - A test to see that the batteries of a radiation survey meter are in good
condition.

Becquerel - S.I. unit of activity equal to one disintegration per second.



- 80 -

Beta Decay - The process whereby some radioactive emitters give off a beta particle.

Beta Emitter - An atom which is characterized by its beta radiation.

Beta Particles - Often referred to as beta rays: electrons emitted from certain radioactive
nuclei.

Betatron - A device for accelerating electrons.

Bev. - billion electron volts.

Binding Energy - The energy which holds the neutrons and protons of an atomic nucleus together.

Biological Half-Life - The tirrm required for the body or an organ to eliminate half of a given
substance which it has taken in.

Blood Count - A count of the number of red or white cells per cubic millimetre of blood.

Bone Marrow - A soft tissue which constitutes the central filling of many bones and plays a vital
role in the production of blood cells.

Bone Seeker - Any element of radioactive species which appears predominately in bone when
introduced into the body.

Bremsstrahlung - X-rays produced by electrons subject to rapid deceleration.

Calibration - Adjustment of a radiation survey meter to make it read a radiation dose
accurately.

Camera - Gamma ray exposure device.

Cancer - A disease which rapidly multiplying cells grow in the human body interfering with its
normal function.

Carcinogenic - Capable of producing cancer.

Castle - A structure made from high density material for shielding against radiation.

Chromosome - Rod-shaped structures of cell nuclei which contain genes.

Chronic Exposure - Irradiation which is spread over a long period of time.

Cobalt-60 - A radioactive isotope of the element Cobalt.

Collimator - A device used to limit the useful beam to the required cross-section.

Compton Effect - The phenomenon by which a garr na ray photon interacts with an orbital
electron to produce a secondary gamma ray and an electron.

Concrete-equivalent - The thickness of concrete, based on a density of 2.35 g/cm-', affording the
same attenuation under specified conditions.
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Cone - See CoJlimator.

Contamination - As applied to radioactive substance, it means spread of radioactive material in
unwanted areas.

Controlled Area - A defined area in which the occupational exposure of personnel to radiation or
to radioactive material is under the supervision of an individual in charge of radiation
protection.

Cosmic Rays - High energy rays which enter the earth's atmosphere from outer space.

Count - The numerical value of the activity of a radioactive specimen.

Counter - A device which responds to the passage of nuclear radiation by means of electronic
amplification.

Crystal Counter - A radiation counter which utilizes a sensitive crystal for detecting the passage
of an ionizing radiation.

Curie (Ci) - The old unit of radioactivity which is numerically equal to 3.7 x 10.10 Qq (disintegra-
tions per second).

Daughter - As used in radioactivity, refers to the product nucleus or atom resulting from decay
of the procursor or parent.

Dead-man Switch - A switch so constructed that a circuit closing contact can only be maintained
by continuous pressure.

Decay - The spontaneous nuclear process which may result in the emission of alpha, beta, and/or
gamma rays. Synonymous with disintegration.

Decontamination - The process of removing radioactive contamination from objects or areas.

Diaphragm - See Collimator.

Direct Reading Dosimeter (DRD) - An ionizing chamber pocket dosimeter with built-in electro-
meter system.

Dose - Quantity of radiation.

Dose Equivalent - A measure of the biological effect of radiation = Dose X quality factor
(Sievert).

Dose Rate - The dose delivered per unit time.

Dosimeter - An instrument used to determine the radiation dose received by a person.

Electromagnetic Radiation - See Radiation.

Electron - The smallest unit of electrical charge: it is the constituent of the outer part of an
atom.
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Electron Volt - A unit of energy equal to that gained by an electron when it is accelerated
through a potential of one volt.

Element - A basic substance consisting of a "family" of naturally occurring isotopes.

Environ - Areas immediately outside the controlled area which may receive radiation.

Epilation - Temporary or permanent loss of body hair.

Erg - A unit of work done by a force of 1 dyne, acting through a distance of 1 cm.

Erythema - A medical term for reddening of the skin due to increasing local circulation of blood
as a reaction to tissue injury.

Exposure - Being exposed to radiation. People can be exposed to a radiation dose. In
radiography an exposure or "shot" is the making of a radiograph.

Exposure Dose - See Roentgen.

Field Radiography - Radiography at a temporary location where there is no approved exposure
facilities.

Film Badge - A piece of masked photographic film in a specially designed holder worn like a
badge by radiation workers for measuring radiation exposure.

Fluorescent Screen - A screen coated with a fluorescent substance so that it emits visible light
when irradiated by ionizing radiation.

Fluoroscope - A fluorescent screen which is mounted in front of an X-ray tube so that internal
organs of the body or internal structures in apparatus or in masses of metal can be visually
examined.

Gamma-rays - Electromagnetic radiation emitted from the nucleus of an atom during radioactive
decay.

Geiger-Mueller Counter - A gas fi l led, usually cylindrical tube so arranged and operated that it
produces a pulse of electrical charge with the passage through it of an ionizing particle.

Genes - Sub-units of chromosomes which serve to determine inherited characteristics.

Genetic Effects - Mutations or other changes which are produced by irradiation of the germ
cells.

Gray (Gy) - S.I. Unit of absorbed dose which it equal to one joule per kilogram.

Half-life - The length of time required for the decay of one-half of the atoms in a given sample.

Half-thickness - synonymous with half-value layer.

Half-value layer - The thickness of a specified absorbing material which reduces the dose rate to
one-half its original value.
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Hardness - A relative term to describe the penetrating quality of radiation.

Health Physics - A term used for the branch of physics dealing with problems of radiation
damage and protection.

Hot - A colloquial term meaning radioactive.
ICRP - The International Commission on Radiological Protection.

Installation - A radiation source, with its associated equipment, and the space in which it is
located.

Intensity - Radiation dose-rate.

Interlock - A device for precluding access to an area of radiation hazard either by preventing
entry or by automatically removing the hazard.

Inverse-Square Law - A law of r.ature that statts that the intensity (of radiation) varies inversely
as the square of the distance from a point source.

Ion - An atomic particle, atom or molecule with an electrical charge.

Ionization - The process whereby one or more electrons is removed from a neutral atom.

Ionization Chamber - A device roughly similar to a Geiger counter and used to measure
radiation.

lonization Radiation - See radiation.

Irradiation - Exposure to radiation.

Isotopes - Atoms of the same element which have the same charge but different masses. One
isotope of an element may be radioactive while another may be stable.

Joule - A unit of work and is equal to 10? ergs; i.e., one newton-metre.

Kilovolt (kV) - A unit of 1000 volts which is used to describe the energy of X-rays.

Kilovolt Peak - The maximum value of the potential in kilovolts. (kVp) applies to an X-ray unit.

Latent Period - The time which elapses between exposure and the manifestation of radiation
damage.

LD50 - The dose of radiation which is required to produce death in 50% of individuals irradiated.

Lead Equivalent - The thickness of lead affording the same reduction in radiation intensity under
specific conditions as the material in question.

Leakage - Refers to escape of radioactive material from a sealed capsule or source.

Leak Testing - Checking of sealed capsule or source for the escape of radioactive material.

Leukaemia - A blood disease distinguished by the production of abnormal white blood cells.
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Mev - See Electron volt.

Microsievert (pSv) - One one-millionth of a seivert.

Millisievert (mSv) - One one-thousandth of a sievert.

Molecule - The smallest unit of a compound.

Monitor - Used as a verb means to survey the level of radiation in a given area to determine the
extent of radiation hazard.

MPD - Abbreviation for "maximum permissible dose".

Mutation - The transformation of a gene which may be induced by radiation or other agents
which alters the characteristic of the offspring.

Natural Radioactivity - The radioactivity associated with naturally occurring elements.

Neutron - An elementary nuclear particle with no electrical charge and a mass similar to a
proton.

Nucleus •• The inner core of the atom.

Nuclide - A species (kind) of atom characterized by the make-up of the nucleus i.e., by the
number of neutrons and protons.

Occupancy Factor (T) - The factor by which the workload should be multiplied for the degree or
type of occupancy of the area in question.

Overexposure - Receiving radiation in excess of regulatory limits. Most radiation overexposures
do not have any medical symptoms.

Pair Production - The conversion of a gamma photon into a pair of particles - an electron and a
positron.

Parent - A radioactive nucleus which disintegrates to form a radioactive product or daughter.

Permissible Dose - See MPD.

Photoelectric Effect - Process whereby an electron is knocked out of an atom by electro-
magnetic radiation.

Photon - A quantum of electromagnetic radiation.

Pocket Chamber - An ionization chamber pocket dosimeter without an electrometer system.

Positron - A particle which has the same weight as the electron and a charge which is equal but
electrically opposite.

Primary Beam - See Useful Beam.

Protection - Provisions designed to reduce exposure of personnel to ionizing radiation.
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Protective Barriers. - Barriers of radiation absorbing material, such as lead or concrete to rsduc?
radiation hazard.

Protective Clothing - Clothing made of attenuating materials used to reduce radiation exposure.

Proton - An elementary nuclear particle with a positive charge.

Qualified Expert - A person having the knowledge and training necessary to measure ionizing
radiations and to advise regarding radiation protection.

Quality - A term used to describe the penetrating power of X- and gamma-rays.

Quality Factor (Q) - The nominal biological effectiveness as set by regulatory agencies. Value is
1 for beta, gamma and X-rays, 20 for alpha rays, etc.

Quantum - Synonymous with photon.

Rad - The old unit of absorbed dose equal to 100 ergs per gram. (Replaced by gray) One gray is
equal to 100 rad.

Radioactive - An adjective describing anything that emits radiation when unstable atoms break
up.

Radiation - 1. Corpuscular - includes alpha particles, which are helium ions carrying two
positive charged; and beta particles which are high speed
electrons.

2. Electromagnetic - Energy propagated through space or matter in the form of
waves, depending on the wavelength of the various types of
electromagnetic radiations include (in order of increasing
wavelength); gamma rays, X-rays, ultra-violet rays, visible
light, infra-rad (heat) rays Hertzian or radio waves.

- Any electromagnetic or corpuscular radiation capable of
producing ions.

- All radiation coming from the X-ray tube-housing or camera
except the useful beam.

- Radiation that during passage through matter has been
deviated in direction.

6. Secondary - Radiation emitted by any irradiated material.

7. Stray - Radiation not serving any useful purpose. It includes leakage
and secondary radiation.

Radioisotope - the radioactive isotope of an element. Synonymous with radionuclide.

Radiographer - Any person or individual who per Forms radiography. This means the handling of
gamma and X-ray equipment.
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Rsm - The old unit of dose equivalent which equals the dose in rads multiplied by the quality
factor. (Replaced by sievert) One sievert is equal to 100 rem.

Responsible User - A person designated by management to be responsible for radiation protection
in an industrial radiography environment.

Restricted Area - An area with controlled entry for the purpose of preventing unmonitored
individuals entering the radiation area.

Roentgen (R) - A unit of exposure dose defined by the amount of ionization produced under
specified conditions.

Scattered Radiation - See Radiation.

Scintillation Counter - A device for counting atomic particles by means of tiny flashes of light
which are produced by particles when they strike certain crystals.

Sealed Source - Radioactive radiography source.

Secondary Radiation - See Radiation.

Shielding - The material which is interposed between a radiation source and an irradiated site for
the purpose of reducing radiation.

S.I. - Systeme international: Internationally agreed system of metric units.

Sievert (Sv) - S.I. unit of dose equivalent which equals the dose in gray multiplied by the quality
factor.

Shutter - A device generally of lead fixed to an X-ray tube housing or radiographic camera to
intercept the useful beam.

Somatic - Pertaining to all body tissue other than the reproductive cells.

Source - Any substance or object which emits radiation.

Stray Radiation - See Radiation.

Tenth-Value Layer - The thickness of a specified absorbing material which reduces the intensity
to one-tenth of its original value.

Useful beam - That part of the radiation which passes through the window aperture cone or other
colli.mating device of the X-ray tube or camera.

Use Factor (U) - The fraction of the workload during which the useful beam is pointed in the
direction under consideration.

Workload (W) - The total weekly dose of the useful beam at 1 metre from the nearest surface of
the source or the use of an X-ray machine expressed in milliampere-minutes per week.

X-rays - Penetrating electromagnetic radiation produced by high energy electrons striking
matter.
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RECOMMENDED READING

1. Requirements for Non-Medical X-ray Equipment, Use, and Installation (RPB-SC-7).

2. The Thermoluminescent Dosimetry Service of the Radiation Protection Bureau

(79-EHD-27).

3. A Radiological Health Study of Industrial Gamma Radiography in Canada (79-EHD-36).

4. Radiological Safety for the Design and Construction of Apparatus in Gamma Radiography

(NBS Handbook 136).

5. Safe Use of Sealed Sources Radiography Equipment (NBS Handbook 162).

6. Safe Operating Practice in Industrial X-Ray Equipment (American National Standard

N43.4).

7. Radiation Safety Training Criteria in Industrial Radiography (NCRP Report No. 61).

8. Atomic Energy Control Regulations.

9. Working Safely in Gamma Radiography; (NUREG/BR-0024, U.S. Nuclear Regulatory

Commission).
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