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(i) 
Preface 

The development of the uranium mining and milling industry in Australia 
has given rise to the increased possibility of exposure of industry employees 
and members of the public to ionizing raaiation. Regulatory authorities have 
the role of ensuring that the companies engaged in the industry keep the 
exposure of all persons below prescribed limits and further, that such 
exposure is reduced to as low a level as reasonably achievable. 

As part of its responsibilities in this area, namely "to act as the focal 
point of national expert aovice" in public and occupational health matters 
relating to radiation, the Australian Radiation Laboratory conoucteo a two 
week course on raaiation protection in the mining and milling of radioactive 
ores in February 1981. Tne course was attended by 21 participants (an upper 
limit of 16 was proposed originally) of whom 10 had responsibilities as 
Radiation Safety Off >rs with companies either actively engaged in uranium 
mining or intending to become so engaged, 9 helo positions in State Government 
Health or Mining Departments and 2 helo positions in Commonwealth Government 
booies, 

During the two weeks of the course, tne participants were engaged in 
lectures during the mornings and in practical work during the afternoons. 
These two volumes contain the lecture notes which were distributed to the 
course participants. As can be seen, the topics cover the field of radiation 
protection as it relates to mining and milling, ranging from a discussion of 
basic quantities ano units to the oisposal of radioactive wastes. The 
lectures were given by members of the staff of the Australian Radiation 
Laboratory for the most part, but with some topics being presented by members 
of the Australian Atomic Energy Commission, the Office of the Supervising 
Scientist for the Alligator Rivers Region and Roxby Management Services Pty 
Lto. Some of the material presented is well known and relatively easily 
accessible in the literature, whilst other sections are either not so well 
known or are the results of original work by the authors which will be 
published elsewhere. It should be noted that the opinions expressed here are 
those of the authors. Accordingly, these volumes are not intended to serve as 
the authoritative source for standards of practice in the mining ano milling 
of radioactive ores. The appropriate standards and guidelines are to be touno 
in the relevant Codes of Practice ano Handbooks. 

The practical work was performed under the supervision of staff members OT 
A.R.L. and was related to a number of the topics covereo in the lectures. A 
list of the experiments is included. 

As coordinator of the course, I woulo like to tnanx all tnose who 
participated for their contributions. Special acknowledgement is oue to those 
members of the typing ano clerical staff of A.R.L. who assisted in tne 
production of these lecture notes. In particular, Miss Juuy Evans carried 
most of the burden of turning handwritten notes into the form enclosed between 
these covers. 

John boas 
December 1981. 
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Practical Sessions 

(Details of these experiments are available on request from the Australian 
Radiation Laboratory). 

1. The Whole Body Monitor: U . Kotler) 

2. Testing an Ionising Radiation Survey Monitor: (N. Hargrave ana R. Huntley) 

3. Radon Daughter Concentration Measurements: (V. Leach, G. Grealey and 
U. Gan) 

4. Radon Measurements: (V. Leach, G. Grealey and W. Gan) 

5.) Measurement of Radioactivity for Environmental Monitoring: (J. Moroney, 
6.) I. Leith and P. Van Velzen) 

7. Absorbed Dose Measurements Using Thermoluminescent Dosimetry: (J. Young, 
R. Calvert and R. Danby) 

8. Measurement of Mass Attenuation Co-efficient ana Build-up for Shielding 
Material: (J. Thomson and 0. Wilson) 



(v) 
A 61ossary of Terns 

Activity; Radioactive decay rate usually in units of oisintegrations per 
second (Bq). The traditional unit, the Curie (Ci) corresponds to 3.7 x 10l° 
disintegrations per second. 

Alpha Particle: A positively charged particle of atonic mass 4. Emittea in 
the raaioactive decay of some nuclei. The particle, which is maae up of two 
protons ana two neutrons, is the sane as the nucleus of the helium atom. 
Atonic Hass (A): The sun of the nunber of protons and neutrons in a nucleus. 
Thus, the doninant isotope of uraniun (238u) has an atonic mass of 238, 
which is the sum of its 92 protons and 146 neutrons. 

Atomic Nunber (Z): The number of protons in the nucleus of an atom. 

Attenuation Coefficient: The parameter which represents the absorption 
characteristics of an absorbing mpdium. Usually applieo to gamma radiation. 
The absorption of gamma rays, under conditions when source, absorber, and 
detector are well separated is governed by an exponential law 

I(x) = I0e-»»x 

where I 0 is the incident intensity, x the absorber thickness and n, in units 
of (length) -! is the absorption coefficient. It is often convenient to 
express absorber thickness in units of mass/area, by multiplying the linear 
thickness by the density, (for example g/cm?) in which case y takes the 
units of area/mass (cm 2 g - * ) . 

Attenuation Length: The thickness of absorber requireo to reouce tne 
intensity of gamma rays by a factor !/e. Also known as mean free path. 
Becquerel: (Bq) The SI unit of activity. 1 Bq corresponds to a oecay rate 
of 1 disintegration per second. 
Beta Particle: An energetic electron emitted in tne radioactive decay of some 
nuclei. More penetrating, and with a lower rate of ionisation than aipha 
particles. The beta particle may be either positively or negatively cbargeo. 

Bremsstrahlung: High energy X-rays emitted by electrons which are retaroeo in 
the Coulomb field of nuclei (German for "Braking radiation"). 
Buildup Factor: A multiplying factor, greater than 1, which is frequently 
based on experiment, and which is used in shielding estimates, to correct 
"ideal" geometry estimates of absorption for the effect of extended source, 
absoroer ana detector. 
Compton Effect: An important absorption mechanism for X rays and gamma rays. 
An elastic collision process between an incident gamma ray and an atomic 
electron. 

Curie (Cil: The traditional unit of radioactivity. 1 Curie corresponds to 
3.7 x 10'° Bequerel, i.e. 3.7 x 10'" nuclear transitions per second. 
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Decay Chain: The consecutive members of a radioactive taaily of eleaents. A 
complete cEain starts with a long lived parent (say 23&U) and ends with a 
stable element (206fb). 
Decay Constant ( A ) : The fraction of the total number of atoms of a 
radioactive element decaying per unit time. Related to half lifeT by 

* - 111 
X 

Decay Series: See Decay Chain. 

Electron: light negatively charged particles, of specific mass and electrical 
charge which surround the nucleus of an atom. A neutral atom of atomic number 
Z has Z such electrons, neutralising the positive charge of the nucleus. 

Electron volt (symbol eV): The change in energy of an electron in passing., 
through a potential difference of one volt in a vacuum. 1 eV » 1.602x10 
joule (approximately). 

Excited States: hell defined energy states of a nucleus, greater than the 
lowest energy state, which is known as the ground state. 

Exposure: Has a formal meaning in X-ray measurement, when radiation is 
measured in roentgen units. The roentgen is the unit of "exposure". 
However, is also useo colloquially to express the fact that an individual is 
"exposed" to radiation. One may say for example, that "exposure to radiation 
should be kept as low as reasonably achievable". 

Gamma Radiation: Electromagnetic radiation, identical to X-rays but usually 
of higher energy. Associated with the decay of radioactive nuclei, usuaMy 
when a daughter nucleus is formed in an excited state. 
Gray (symbol Gy): The SI unit of absorbed oose and kerma, corresponding to 
the absorption of 1 joule per kilogram of matter. 1 Gy = 1 J kg-l. 
Ground State: The lowest energy state of a nucleus. 
Half Life: The time required for one half of the atoms of a radioactive 
nucleus to undergo oecay. Related to decay constant by 

r = ]_ll 
X 

Ionizing Radiation: Radiation with sufficient energy to separate neutral 
atoms into a positive ions ano unbound electrons. 
Isotope: A particular element may exist as a number of different isotopes. 
These are identical chemically as they have the same atomic number (Z), but 
may have Different atomic masses (A). For example "|U and "^ll are different 
isotopes of uranium. 
key (kiloelectron volt): the energy required to move an electron through a 
potential difference of 1 kilovolt. (See electron volt). 
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Linear Energy Transfer (LET): The average energy imparted locally to an 
absorbing medium pefuhit path length by an ionising particle. Alpha 
particles are "high LET" particles, and electrons or gamma rays are "Low LET" 
radiations. 

Mean Free Path: See Attenuation Length. 
HeV (Million electron Volt): Conventional unit of energy in nuclear physics. 
Equal to the energy required to Move an electron through a potential 
difference of 1 Million Volt 11.6 x 10-13 joule). (See electron volt). 
Weutron: an electrically neutral particle in the nucleus and Mhich has a mass 
almost equal to that of a proton. 

Nucleus: charged central core of an atom, made up of neutrons and protons. 

Pair Production: The creation of a positron-electron pair, and the 
simultaneous disappearance of a y-r*y. becomes energetically possible above 
1.02 NeV and the dominant gamma ray attenuation process at high energies 
(above about 5 NeV). 
Photoelectric Effect: An important interaction mechanism for gamma ray 
absorption, in which an incident gamma ray transfers its entire energy to an 
inner shell electron, which is then ejected. 

Positron: A positive particle, whose properties other than charge are 
identical to those of the electron. 
Quality Factor: A numerical factor used in radiation protection to allow 
biological effects of different ionising radiations to be compared. 
Radioactivity (Radioactive decay): Spontaneous transformation of a nucleus 
into a state of lower total energy, by emission of ionising radiation. 
Radionuclide: An isotope of an element which is radioactive, and has 
specified numbers of neutrons and protons in specified energy states. 
Radium: Generally refers to 226|<a, a member of the uranium series. Parent 
of radon gas, with a half life of 1650 years. 
Radium A: The isotope 2l8p 0, the first daughter of 222Rr>. Decays by a 
emission with a half life of 3.05 minutes. 
Kaoium B: The isotope 214p D f daughter of 2l8p 0 (Ra A). Decays by a 
emission with half life of 26.8 minutes. 
Radium C: The isotope 2140jt daughter of 2l4pb (Rag). Decays by » 
emission with half life of 19.7 minutes. 
Radon: 222gn f S a noble gas, decaying by o emission with a half life of 
3.85 days. Daughter of 2Z6Ra. 

Radon Daughters: The four short lived daughters which succeed radon in the 238y 
decay series. 

Relative Biological Effectiveness: (RBE) An empirical factor which compares 
the biological effects of a given ionising radiation with that of 250 KM* 
X-rays. 
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rao: The former unit of absorbed dose and kerma, corresponding to the 
absorption of 100 ergs j>er gram of matter. 

1 rad - 10"rGy 

rem: The foraer unit of dose equivalent, given by 
H * DON 

where Q is the quality factor, N the product of all other Modifying factors 
and 0 is the dose in rao. 

1 rem - 10" z Sv 
Roentgen: The historical unit for X-ray exposure. The quantity of radiation 
wnicn gives rise to 1 electrostatic unit of charge per cubic CM of ory air 
unoer standard conditions corresponds to an average energy transfer to.the air 
of 83 erg per grass. This is equivalent to the production of 2.58xMT? 
couloMb of charge in 1 kilograM of ory air. 1 Roentgen (R) * 2.58x10 C 
kg-1. 

Secular equilibrium: The equilibriuM condition in a radioactive decay series, 
when the activity of the daughter!s) is equal to that of the parent isotope. 
Sievert (syMbol Sv): The SI unit of oose equivalent, corresponding to the 
absorption of one joule in one kilogram of biological natter taking into 
account the quality factor ana other Modifying factors. 

Thorium: Natural thorium consists of a mixture of equal activities of 
thorium-232 and thorium-228. 
Thoron: The isotope 220R n > formed in the decay of the 232j n series. 

Thoron daughters: The short lived daughters of 220Rn. Only ThB, ThC and 
The' are of consequence as a potential health hazard. Th B, although not an 
o-emitter itself has a half life of 10.6 hours, and is the main source of 
atoms available for decay through its a-emitting successors. 
Uranium: Normally a mixture of the two isotopes 238y (99.3 percent) and 235u 
(0.7 percent), the component which is fissionable. Natural uranium consists 
of a mixture of equal activities of uranium-238 and uranium-234. The activity 
of uranium-235 is not significant in setting derived limits of concentration. 
Working Level (symbol ML): An atmospheric concentration of raoon Daughters 
which will deliver 1.3 x 10$ MeV of energy in the form of kinetic energy of 
alpha particles per litre of air, in decaying through KaC. A working level 
of thoron daughters is a concentration of ThB, which yields the same alpha 
particle energy in decaying through ThC and ThC per litre of air. 1 WL = 
1.3xl05 MeV/1 - 21 yJ m-3 (approximately). 

working Level Month (WLM): The unit of exposure to radon or thoron 
daughters. 1 WLM is approximately equivalent to an exposure to 1 WL for a 
working month of 170 hours. 1 WLM - 8.0x11)1° MeV.s/1 - 13 Js nr 3. 
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Chapter 1. The Physical Principles of Mediation Protection 

Or. K. H. Lokan 
Australian Radiation Laboratory 

Abstract. This chapter reviews the production of ionising radiation from 
the naturally occurring radioactive decay chains and introduces the 
mathematical eipressions relating to secular equilibrium and the calculation 
of the activity of daughter products. The absorption of •• • and t radiation 
is discussed from the point of view of the physical processes which occur, 
e.g. the photoelectric. Conpton and pair production processes for T-«"*jrs-
Linear energy transfer (LET) and range-energy relationships are discussed for 
• and • particles, units of measurement for ionising radiation, relative 
biological effectiveness, dose equivalence and quality factors for each type 
of radiation are reviewed. The behaviour and properties of radon, thoron and 
their daughter products are described, and the definition of the "working 
Level" introduced. 

lhTkOOUCTIOH 
In the context of the present course, the tern "radiation protection" 

refers to control Measures inplenented in an industrial process in order to 
restrict the risk of detriment to health - both for employees and members of 
the public - to levels which are considered to be acceptable to our society. 
Levels of occupation risk at least, which art considered "acceptable" m-t in 
general set by convention, and are related to our perceived need for the 
benefits derived from the risk-inducing activity. Thus, for example, we 
accept (reluctantly) the public and occupational casualties associated with 
the availability of motor transport, and attempt to reduce them by protection 
measures in the form of traffic laws, seat belt regulations, standards of 
braking, penalties for drinking alcohol etc. Table 1 presents some 
representative risk factors for selected occupations and activities. 

Table 1 
Fatalities per million workers ** 

All Industrial Accidents 147 
Trade 60 
Manufacturing 37 
Service 97 
Government 110 
Transport and Utilities 327 
Agriculture 553 
Construction 603 
Mining 657 
Traffic lb) 270 
Cancer from smoking U ) 1100 
(a) adapted from Cohen and I-bing Lee U979) 
lb) per million of population. Australian Year Book 1975/76 
(c) per million "average male smokers" ^derived from Hammond 1966) 
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Mining, by its nature, is a profession which carries a higher occupational 

risk than most other industries, and there already exists in all states and 
territories a body of legislation, regulations, inspection procedures ana so 
on, which have been installed to reduce the risk of mishap. The mining of 
radioactive ores carries an additional element of risk in that exposure to 
ionising radiation may induce disease, which may only become apparent many 
years later. Radiation protection practices are therefore required, which 
measure radiation and radioactivity and maintain operational levels which are 
low enough to ensure that the occupational risk is kept small. Mine workers 
in this industry are "radiation workers" in exactly the same sense as any 
other employees who may be exposed to ionising radiation in the course of 
their work, (e.g., nuclear medicine technicians, dental aides, industrial 
radiographers etc.) For all radiation workers, there are well defined 
employer and employee obligations which require adequate radiation monitoring, 
corrective action where necessary and record keeping and reporting, to ensure 
that this industrial risk is properly controlled. For the mining industry 
these obligations are spelled out in the Code of Practice on Radiation 
Protection in the Mining and Milling of Radioactive Ores 1980*, which has been 
developed jointly by the Commonwealth, State and Territory Governments, and 
which forms the basis of regulations throughout Australia. During this course 
we will be discussing both technical and regulatory aspects of radiation 
protection in this industry, and will relate them to the requirements and 
provisions of the Code. 

IONISING RADIATION AND RADIOACTIVITY: A BRIEF REVIEW 
Ionising radiation may be defined as any radiation for which the energy 

per event is high enough to detach an electron from its parent atom, to form a 
positively charged ion and an unbound electron. For biological material this 
process is generally irreversible and can lead to permanent tissue damage. 
There are a number of different forms of ionising radiation, with differing 
characteristics, and most of these are encountered in the radiations emitted 
by naturally radioactive elements higher in the periodic table than lead 
(atomic number 82). All elements above lead are unstable against radioactive 
decay, as in every case a condition of lower total energy may be achieved if 
the parent nucleus is transformed into a daughter nucleus by emitting an 
ionising particle. Thus for example, the nucleus 235yt which occurs in 
natural uranium with an abundance of 0.7 percent is unstable against decay by 
emission of an alpha particle (or helium nucleus) leaving the daughter nucleus 
2 3 1 T h , and the sum of the total energies of the "l"Th and ^he nuclei is 
less than the total energy contained in the parent 235u. Similarly the 
nucleus 2 ~ T h is unstable, and decays by emitting a (negative) 0 particle to 
become 2^lp a. Schematically we can represent this sequence by 

235., . 231 T h + 4 H d ^ 231pA + £ 
92 U — > 9 0 T h 2 H e — > 9 1 P a - 1 P 

where the subscript represents the atomic number or charge. 
Associated with these radioactive decays is the emission of a number of 

high energy X-rays or gamma (?) rays, which can occur when the daughter 
nucleus is formed in an excited state - that is, at an energy above its 
"ground state". Schematically, we can illustrate the decay of 23bu as is 
done (1n a somewhat simplified version) in Figure 1. 2 3 5 u o n the left hand 
of the diagram, decays by the emission of an alpha particle, which may take a 
particular energy between about 4.2 and 4.6 MoV, depending on which excited 

derived from an earlier Code, published in 197b by the Commonwealth 
Department of Health (Commonwealth Department of Health, 1975). 
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state the daughter 2 3*Th is formed in, and the daughter may oe-excite by the 
emission of y-r&ys. The relative abundances of each alpha particle is given 
in the diagram. Note the the alpha particles are emitted at certain discrete 
energies only, defined by the energies of the excited states of the daughter. 
The energy units which are normally used in nuclear physics are MeV or Million 
electron Volts. 1 MeV is that energy imparted to an electron (1.6 x 10-19 
coulomb) when it falls through a potential difference of 1 million Volts, 
(i.e. 1.6 x 10-13 joule) 

2 3 5 

92 
U 

0.388 

0.237 
0.205 

235 Figure 1: Decay scheme of V^i 

The situation is further complicated in practice by the fact that each 
daughter is itself radioactive, so that there will be a complex mixture of 
decay products arising from the presence of all of the sequential progeny of 

207 the daughters, down to g2 P b * T a b 1 e s 2» 3 a n d 4 Illustrate the decay chains of 
the important series starting at 2 38u, 2 3 5 u a n o- 232jh respectively. 
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Table 2 Decay Series: 2 3 8 u 

Isotope Half-life Radiation 

238u 4.5 x 10 9 a a 
2 3 4 T h 24.1 d B.Y 
2 3 4 P a 1.18 m e.Y 
234 y 2.50 x 10 5 a o.Y 
2 3 0 T h 7.6 x 10 4 a a 
2 2 6 R a Radium 1 620 a a 
2 2 2 R n Radon 3.83 d a 
2 1 8 P o (Redium A) 3.05 m a 
2 1 4 P b (Radium B) 26.8 m *,Y 
2 l 4 * i (Radium 0 19.7 m 3.Y 
2 1 4 P o (Radium C) 2.7 x 10" 6 m a 
2 l 0 P b (Radium D) 22.0 a B»Y 
2 1 0 B i (Raoiurn E) 5.0 d 0 
2 1 0 P o (Radium F) 138.4 d a 
2 0 6 P b (Radium G) Stable 

a > annum (years) 

d « days 
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Radioactive Decay and Half-Life 

The time behaviour of a decaying radionuclide is governed by a simple 
exponential law, and can be characterised by a radioactive decay constant x, 
which represents the probability that a given nucleus will decay in unit 
time. Then if there are N nuclei present, the number decaying in a short time 
interval dt is given by 

dN = -xN dt 

where the minus sign indicates a reduction in the number of nuclei N 

thus "^ = -xN (1) dN 
dt 

or, on integrating 
N = N o e " x t 12) 

where N 0 is the initial number of nuclei present. The form of this decay is 
illustrated in Figure 2. 

>-I -

< 1/4 

t I 
1/8 

i 
- * 

TIME 

Figure 2: The decrease of activity with time for an 
exponential decay. X is the half life. 



It is more common in practice to characterise the time behaviour in terms 
of half life, T , where % represents the time at which one half of the the 
nuclei originally present have disappeared because of radioactive decay. This 
is the time at which the exponential e-* takes the value of 1/2 

i.e. 

or 
e~xx 

In 2 _ 0.6*3 
x ~ x (3) 

Each succeeding half life period reduces the remaining activity by a 
further factor of 2 so that after 2, 3, 4 .... 10 half lives, the residual 
activity is respectively 1/2, 1/4, 1/8 ... 1/1024 of the original. 

The parameter x is often useful to convert a measured activity, to the 
total number of radioactive atoms present, by applying equation (1). Activity 
is measured in units of number of disintegrations occurring per unit time, and 
the present unit is the bequerel (Bq) which corresponds to 1 disintegration 
per second. The historical unit of activity is the curie (Ci), which was 
originally defined to be the disintegration rate of 1 gram of radium, and 
measured to be 3.7 x 1010 disintegrations per second. Although this 
measurement was subsequently found to be slightly in error, the definition of 
the curie as exactly 3.7 x 10*° disintegrations per sec (i.e. 3.7 x 1 0 1 0 

Bq) was retained. Thus 1 Bq is equivalent to ~ 27 x 10-12 ci » n pci. 

The mathematics of radioactive decay becomes more intricate, though 
unchanged in principle, if the daughter proouct is itself unstable, and decays 
with its own characteristic half life. For the case of a two step decay 

:*> X A —2> 6 —-> C 
the corresponding differential equation for the f i rs t daughter b is 

dt V o e "XBNB (4) 

which has the solution 

NB " No AA 
U B-A A) 

-x.t -x Bt 
(e A -e B ) (5) 

The growth of activity (remember activity - XJJ Ng) of daughter B, for the 
case where the half life of the daughter is one fifth of its parent is 
illustrated in Figure 3. (*B • 5 X A ) . It is easy to show that the 
daughter activity approaches 5/4 of the activity of the parent in this case. 
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Figure 3: Variation of activity of parent 
and daughter nuclei with time for XB • 5XA 

For the case where the half life of the parent is very long compared with 
that of the daughter (XA « * B ) » t n e activity ABNB of the daughter is 
given by (5) 

A B N B — > \>VA ~xkl 

e 
XB 

' VA e 

VA 
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That is to say, the activity of the daughter is equal to that of the parent. 
This condition is known as secular equilibrium and applies in genera1 to 
radioactive decay chains of any length, when the original parent has a much 
longer half life than any of the daughter products. Thus for the uranium 
series (except for occasional geochemical or physical conditions which may 
have removed a daughter) the activity of 226R a i n a n orebody is equal to the 
activity of the parent 238(j. On the other hand, one would not necessarily 
expect to find the later members of this chain (for example 210p D) to be in 
equilibrium with 238u, because some of the gaseous 222R n generally escapes 
from the ore. 

THE ABSORPTION PROPERTIES OF IONISING RADIATIONS 

(a) Gamma Rays 
Gamma rays consist of very high energy electromagnetic radiation, and 

deposit energy in matter by producing secondary electrons, which are charged 
particles. These electrons then transfer their energy through the 
electrostatic interaction between themselves and the electrons of the 
absorbing atoms. To understand the energy deposition characteristics of 
Y-rays, we must first understand the interaction mechanisms of the primary 
electromagnetic radiation. 

We begin by defining an attenuation coefficient », such that the change in 
intensity dl of an incident beam of Y-rays, of intensity I, on passing through 
an absorber of thickness dx is given by 

dl - - I »dx (5) 
from which we obtain an exponential relationship 

I(x) « I 0 e-MX 
The coefficient » is known as the linear attenuation coefficient, and has 

units of (length)"*. It is however usual to express u in units of 
(length)2 (mass)"1 (cm 2/g), by dividing by the density; the equivalent 
unit of thickness is then mass per unit area (g/cm)2. The exponential 
nature of the attenuation means that we cannot define a precise "range" for 
Y-rays. We can define a half thickness however, analogous to "half life" of 
radionuclides as x\f2 * ln2/p, which is the thickness required to reduce 
the Y-ray intensity to one half. Another widely used parameter is 
"attenuation length", or mean free path -

x - I (6) 
M 

which is the thickness required to reduce the intensity to */e. 

There are three major physical processes which are important in the 
absorption of Y-rays. At low energies - less than a few hundred keV - the 
most important process 1s the photoe1ectric effect. in which a gamma ray 
transfers its entire energy to an inner shell electron, which is then ejected 
with kinetic energy equal to the Y-ray energy, less Its binding energy in the 
atom. The magnitude of this interaction is very strongly dependent on the 
nuclear charge (~ Z 5) and falls off with increasing energy. At intermediate 
energies (up to 5 MeV) the Compton Effect becomes the most important process. 
This, is an elastic collision process between an incident y-ray and an atomic 
electron, in which part of the Y-ray energy is transferred to the electron, 
and the remainder is carried by a lower energy scattered y-ray. This in turn 
may be absorbed in a further interaction (either Compton or photoelectric) if 
there is enough absorbing material present, so that there is a good chance of 
a second, or even third interaction taking place before the Y-ray escapes. 
The Compton Effect has a magnitude proportional to the number of electrons in 
the atom (i.e.oC Z) and decreases with increasing y ray energy (roughly as 
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1 / E Y ) , but remains important over the entire energy range of interest to us. 
Above 1.02 MeV it becomes energetically possibly for electron-positron pair 
production to take place in the Coulomb field of the nucleus, and at higher 
energies this becomes the dominant process. 

Figures 4 and 5 illustrate the relative importance of these processes for 
a light atom (carbon) and a high atomic number atom (lead) respectively. 
These curves must however be handled with a clear understanding of what they 
represent. They provide the attenuation coefficient, which will be observed 
under ideal geometric conditions. That is, they represent the attenuation of 
a well collimated parallel beam, as seen by a detector which is sufficiently 
small or far enough away from the absorber, that y-rays from any scattering 
process, or any other secondary process (X-ray production from 
electron-positron pairs for example) have a negligible chance of reaching the 
detector. 

ENERGY (MEV) 

Figure 4: Dependence of the absorption processes 
1n carbon on photon energy 
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•01 .1 I 10 
ENERGY (MEV) 

Figure 5: Dependence of the absorption processes 
in lead on photon energy 
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In the real world of radiation shielding, where one would like to use such 

data, this situation does not prevail. More commonly one has to provide 
shielding froa an extended source (say an ore stockpile) of a large "detector" 
(a ainer) who is relatively close to it. Thus a logarithmic plot of the 
transmission versus thickness will look more like Curve II of Figure 6, rather 
than the "ideal" Curve I; the degree to which these diverge will depend nery 
much on the geometry of the situation. 

0.0 1 
THICKNESS 

Figure 6: Variation of the transmission with absorber thickness. 
I - Ideal case, II - practical case. 

In radiation shielding design, it is common to express this discrepancy in 
terms of a "buildup factor" B, which is a multiplying factor, often based on 
experiment, and of course wery dependent on source-shield-detector 
configuration, to correct for these secondary effects. An example of build up 
as a function of shield thickness, for energy transmitted through a concrete 
shield is shown in Figure 7. 
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Figure 7: Energy buildup factors in concrete 
(fro* Jaeger 1968) 

(b) Alpha particles 
Heavy charged particles, such as alpha particles, lose energy rapidly as 

they traverse Mtter, both by ionisation and internal excitation of the atoas 
of the absorbing Material. Figure 8 illustrates the rate at which an alpha 
particle detector count rate changes as the detector is moved away frow a 
monoenergetic alpha-source l~ 7 HeV) in air. 

1 . • i 1 I 

1 .. _ i ( i \ 
3 * 5 

Figure 8: Variation In o-part1cle count rate 
In air with distance from source. 
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It is apparent that alpha particles have a very well oefined range; Figure 9 
shows the range in air of alpha particles (Evans 1955) as a function of energy. 
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Figure 9: Range of alpha particles in air. 

The rate of energy loss of a heavy charged particle (the energy dE 
transferred to the absorber as the particle traverses a distance dx) is given 
by 

oE 
dx 

4 . , 4 z* N B (7) 

where ez is the charge of the ionising particle, N the number of absorbing 
atom per unit volume, v the particle velocity and m the M S S of an electron. 
B, known as the atomic stopping number is proportional to the atomic number Z 
of the absorbing atoms, and is a slowly varying function of energy. (It is an 
instructive exercise to construct a curve for dE ano for B for alpha particles 

ox 
in air, using the range energy relationship given in Figure 9). Protons, 
usually formed in biological tissue by collisions with neutrons have a similar 
behaviour, but a considerably greater rarije. 

In radiation protection the quantity dE is often known as Linear Energy 
dx 

Transfer (LET) (ICRU 1970) where dE is interpreted as the average energy 
imparted locally to the medium in traversing a distance dx. It serves as a 
useful parameter to characterise the ionising nature of different ionising 
radiations. Alpha particles ano protons are considered to be "high LET" 
radiations. 
(c) Electrons (beta particles) 

Electrons may lose energy to an absorbing medium by ionisation or 
excitation processes similar to those described for high LET radiation. Their 
rate of energy loss is governed (in part) by equation (7), except that it is 
much smaller in magnitude because of the much smaller electron mass. In 
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aoU:tton the electron nay undergo a large number of deflections through 
elastic (i.e. with no energy loss) scattering froa atom so that the path of 
an electron is likely to became quite tortuous. In contrast to alpha 
particles the local transfer of energy along its track is relatively snail, so 
that electrons are considered low LET radiations. In addition however an 
entirely different process may take place, in which the electron is slowed 
down by the electric field of an atomic nucleus, and the energy emitted as a 
high energy X-ray or gaum ray. This radiation is known as Bremsstrahlung 
(« braking radiation) and its production does not necessarly contribute to 
the immediate local deposition of energy along the track of the electron. The 
Bremsstrahlung itself may give rise to further electrons iby photoelectric or 
Compton interactions, or electron-positron pair production if the Y-ray energy 
is high enough) and these in turn may cause further secondary ion i sat ion. 
Given this complex mixture of interactions, the concept of "range" for 
electrons is less clear cut than it is for «-particles. For mono-energetic 
electrons the "range" still has a meaning, and represents the distance 
travelled by an electron which loses all its energy through non-radiative 
interactions. It is of course less precisely defined experimentally, because 
of multiple scattering, and because there is still energy to be detected at 
depths greater that the "range" because of the Bremsstrahlung. 

For monoenergetic electrons up to - 3 NeV, the range, expressed in units 
of mass/area (g cm - 2) by multiplying the range in cm by the density, is 
roughly independent of the absorbing material and given by -

R (g cm" 2) « 0.52 E(NeV) - 0.09 (8) 

(Katz and Penfold 1952). A plot of the range of electrons in aluminium is 
presented in Figure 10. (Evans 1955, p.624) 
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Figure 10: Electron ranges in aluminium 
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Wnen radioactive nuclei decay by emitting a negative electron to become a 

nucleus whose atomic number is greater by 1, the $ particles are emitted with 
a continuous energy distribution, with a shape illustrated in Figure 11. This 
is very different from the a particle or y ray distributions, where the energy 
released is defined by the energy difference between well defined states of 
parent and daughter nuclei*. The parameter which characterises the available 
energy is then the end point of the B spectrum E|„ax, for which equation (8) 
would define a "maximum range". It is obvious however that this value is not 
particularly useful as most electrons will have a much shorter range. 

^ O 02 0.4 06 o i IJO \ 12 
Kinetic energy E, in Mev £ ' 

Figure 11: Energy spectrum of e particles from 2 1 0 B i (RaE) 
RADIOLOGICAL QUANTITIES AND RADIATION PROTECTION 

It is useful in discussing ionising radiation to draw a distinction 
between directly ionising particles (such as alpha and beta particles) which 
are charged and which have sufficient kinetic energy to produce ionisation by 
collision, and indirectly ionising particles (gamma rays and neutrons) which 
liberate directly ionising particles. Figure 12 illustrates schematically the 
passage of a charged particle through an absorbing medium. The particle loses 
energy by collision and produces secondary electrons along its track. The 
density of ions along its track is closely related to the rate of energy loss 
(or Linear Energy Transfer) and is much higher for an a particle than for a B 
particle. Further secondary interactions may occur between the medium and the 
electrons released by the primary ionising particle. 

* The reason for this difference is that a variable amount of energy and 
momentum is carried away from the system by a neutrino. 
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Figure 12: The passage of a charged particle 
through an absorber. 

If the incoming radiation is an indirectly ionising particle, such as a 
gamma ray, the characteristics of the ionisation produced are those of the 
secondary charged particle which is released in the medium, in this case an 
electron produced by a photoelectric or Compton interaction, or an 
electron-positron pair produced by the pair production process. It is a 
straightforward matter therefore to define an average value (C) along the 
length of the ionising track for the LET for all types of ionising radiation; 
Table 5 presents typical values of L~ in water for a variety of ionising 
radiations (ICRU 1970). 

Table 5 
Average values of LET in Water 

Kaoiation 
60„ Co Y-rays 
22 MeV X-rays 
2 MeV electrons 
200 keV X-rays 

H e-rays 
50 keV X-rays 

L IkeV/ym) 

0.23 
0.19 
0.20 

1.7 

4.7 
6.3 

5.3 MeV alpha ray , 43 
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UNITS OF MEASUREMENT FOR IONISING RADIATION 

Historically, the unit employed to quantify ionising radiation (for X-rays 
and gamma rays) is the roentgen, which is defined as the quantity of radiation 
which gives rise to 1 electrostatic unit of charge per cubic centimetre of dry 
air under standard conditions of temperature and pressure. The physical 
quantity measured is collected charge, or ionisation current, and 1 roentgen 
corresponds to an average energy transfer to the air of 83 erg per gram. 

Nowadays, this unit has fallen out of favour and been replaced by a 
quantity known as absorbed dose, which is defined directly in terms of the 
mean energy deposited in a medium per unit mass. The traditional unit for 
absorbed dose has been the rad, which is defined as 10-2 Joule/kg or 
100 erg/gram, so that an absorbed dose in air of 1 rad is about 20 per cent 
greater than the roentgen. The introduction of SI units in recent years has 
seen the rad replaced by a new unit (but without any change in concept) known 
as the Gray. The gray represents an absorbed dose of 1 Joule/kilogram, and 
thus corresponds to 100 rad. Where practical, we will adhere to SI units 
throughout this course, although most laboratory and field equipment is still 
calibrated in terms of rad (or even roentgen). Where appropriate the older 
units will be presented in parentheses, following the SI unit - e.g. 1 gray 
(100 rad). 

Relative Biological Effectiveness and Dose Equivalent 
The relationship between the deposition of energy by ionisation in human 

tissue and its consequent biological effects is not straightforward. 
Different types of radiation produce effects of differing severity, even 
though the absorbed dose from each may be the same. Particles of Mgh LET for 
example frequently produce substantially greater effects per unit dose than 
low LET particles. Figure 13 illustrates survival data for Chinese hamster 
cells irradiated with 250 KVP X-rays and with fast neutrons. (Hall et al 
1975). From these results we can see that the neutron dose required to 
destroy 99 percent of cells (700 rad) is about half of the corresponding X-ray 
dose (1300 rad). It is usual to express this factor, which relates the 
absorbed dose to observed biological effect as RBE (Relative Biological 
Effectiveness) where the RBE of 250 KVP X-rays is taken as unity. Thus in the 
present case, the RBE of 35 MeV neutrons for this particular effect is 
1300/700 z 2. The average LET in water for neutrons in this energy range is 
about 5 - 1 0 KeV/p meter. 

Clearly, in assessing the effects of radiation, and comparing 
contributions from different sources, we must take into account the variation 
in biological effectiveness. At first sight, it seems that we could achieve 
our purpose by multiplying the absorbed dose by the RBE to obtain a "dose 
equivalent". However, the quantity RBE is determined by experiment, and may 
even have different values for different effects for the same radiation. It 
is not therefore a clearly defined quantity suitable for regulatory purposes, 
and the International Commission on Radiological Protection has recommended as 
an alternative a definition of dose equivalent, (H) 

H - DQN (9) 
where Q is the quality factor, and N the product of all other relevant 
modifying factors which may be determined in the future. At the present time, 
N is taken to be unity so that Q is the formal regulatory equivalent of RBE. 
As knowledge increases, and our understanding of biological effects improves 
(thereby refining our understanding of RbE) more precise estimates of H may 
become possible. For the present, the values of Q recommended for radiation 
protection purposes in Australia (NH and MRC 1980) are those presented in 
Table 6. 
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Figure 13: Survival fraction of Chinese hamster cells 
as a function of dose for x-rays and fast neutrons. 

Table 6 
Quality Factors (NH and hRC 1980) 

X rays, gamma rays and electrons 1 
Neutrons, protons and singly-charged particles 10 
of rest mass greater-than one atomic mass 
unit of unknown energy 

Alpha particles and multiply-charged particles 20 
(and particles of unknown charge) of unknown 
energy 

The SI unit for dose equivalent, defined by equation (9) is the Sievert 
(Gray x Q) and replaces the rem (rad x Q); a dose equivalent of 1 Sievert is 
equal to a dose equivalent o7T00 rem. In order to provide a sense of scale, 
Table 7 lists some representative radiation doses encountered in different 
circumstances. 

Table 7 
Some Representative Doses 
Annual natural background : 1 mSv 
Annual Dose Limits, Members of Public : 5 mSv 
Average external dose Nabarlek miners, : 2.3 mSv 

June to October 1979 
Annual Dose limit for occupational exposure : 50 mSv 
Median Lethal whole Body Dose : 5 Sv 
Localised doses employed in radiation therapy : up to 20 Sv 
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RADON AND ITS DAUGHTERS 

Radon (^Rn) is a noble gas, akin to He, Ne, Ar. etc, which is produced 
as the daughter product in the radioactive decay of "6R a . it has a half 
life of 3.85 days and decays by a emission to 2l8p 0 (RaA). The decay chain 
of radon through to 206pb is illustrated in Figure 14. 

221 

i-

83 84 85 
ATOMIC NUMBERS 

Figure 14: Radon decay scheme. 

• a M W M h 
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Because it is inert some of the radon produced in the decay of uraniua is 
likely to escape from its immediate environment, and become part of a nine 
ataosphere. The inhalation of radon daughters, and their retention in the 
lung is known (Archer et al. 1973) to be responsible for enhanced cancer of 
the lung, which has long been recognised as an occupational disease in 
underground uranium Mining (Pirchan and Sikl 1932 etc). Thus, in additional 
to conventional radiation protection practices applicable to all radiation 
workers, there is a need to Maintain a separate Measurenent and control 
programme over radon daughter concentrations in uraniua Mine and Mill 
atMospheres. 

The units which are used to Measure radon daughter concentrations are 
peculiar to the industry and bear little relationship to formal units of 
measurement. Originally a concentration unit, known as the Working Level, was 
defined as the concentration of radon daughters in secular equilibrium with a 
radon concentration of 100 pCi (3.7 Bq) per litre, (i.e. containing 100 pCi 
(3.7 Bq) per litre of RaA, RaB and RaC). This definition is not very 
satisfactory, as radon daughters often exist in proportions far removed froM 
equilibrium, because of atmospheric mixing, or simply because the parent radon 
is not present for long enough to approach equilibrium conditions. 

Because it is believed that is is the energy deposited in the lung by a 
particles which is responsible for the biological consequences, the Working 
Level unit has been defined in a more satisfactory way as the following: 

One Working Level is defined as any combination of RaA, RaB and RaC, which 
in decaying completely through RaC results in the release as a particle 
energy of 1.3 x 10 5 MeV per litre of air. 

This definition is consistent with the earlier one, since 1.3 x 10 5 MeV 
is the potential a energy available to be released by 100 pCi (3.7 Bq) of each 
of the daughters RaA, RaB and RaC. Appendix I gives the details of the 
calculation of this quantity. 

A similar approach, in terms of potential alpha energy release may be 
applied to define a Working Level unit for thoron daughters. Thoron is the 
radon isotope Z Z 0 R n , formed in the decay chain from z 3 2 T h . Its decay 
through to Z 0 8 P b is illustrated in Figure 15. It is however very different 
from radon, in that the half lives of the first daughters are very short so 
that the first significant daughter which can accumulate is 2 1 2 P b , which has 
a half life of 10.6 hours. The subsequent decay of z l 2 P b through 2 0 8 T h C 
to 2 0 8 T 1 (34 percent), or ThC to 2°8Pb (66 percent) releases either 6.05 
or 8.95 MeV respectively in the form of kinetic energy of the a particles. 
The appropriate definition of a thoron daughter Working Level unit is the 
concentration of ThB ( 2 1 2Pb) which in decaying through ThC or ThC yields 
1.3 x IIP MeV of energy by a-decay. (It is a useful exercise to demonstrate 
that the equivalent thoron concentration in equilibrium with its daughters is 
only 9 pCi (0.3 Bq)) per litre. 

Cumulative radon daughter exposure is then estimated for an individual by 
multiplying the concentration, expressed in Working Level units at the 
worksite by the length of time that the individual is exposed. This result is 
expressed therefore in Working Level - hours (WLh) or Working Level Month 
(WLM) where the number of working hours per month is taken to be 170 hours. 
Thus 1 WLM is equivalent to 170 WLh. 
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Figure 15: Thoron decay scheme. 

For radiation protection purposes, exposure to radon daughters is handled 
separately from other sources of exposure (external and internal) and separate 
regulatory limits are imposed on each. The reason for this is that they are 
measured In different and unrelated units, and the absolute risk per unit 
exposure to radon daughters is not yet very well known. What is missing is a 
full understanding of the effective dose equivalent to the lung, so that it is 
Impossible to combine them in a quantitative way. In the future, when the 
risk factors are better defined, it is likely that a regulatory formula will 
be defined which sets a limit to occupational risk by forming the sum of the 
separate risks for each. 
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Appendix I 

Calculation of potential o-energy for 1 WL of radon daughters 
1 WL of radon daughter is represented by 3.7 Bq (100 pCi) of each of RaA, 

RaB and RaC. 

We recall from (3) x 0.693 (decay constant) 

and from (1) N = ̂  ^ (N . no. of atoms) 
x dt 

0.693 0.693 Thus x. - , x„ - , x, 
3.05x60 26.8x60 

0.693 e -1 sec 
19.7x60 

Then 
3.7 Bq RaA - 3.7x3.05x60 = 9 7 7 atoms 

0.693 

3.7 Bq RaB = 3 , 7 x 2 6 ' 8 x 6 0 = 8585 atoms 
0.693 

3.7 Bq RaC - 3 , 7 x l 9 , 7 x 6 ° = 6311 atoms 
0.693 

each decaying RaA atom delivers 6.0 + 7.7 - 13.7 MeV 
II RaB H ii 7 ,7 MeV 
•1 RaC •I II 7 .7 MeV 

1 energy released is thus 
RaA 977 x 13.7 m 0.134 x 10 5 (11 percent) 
Kab : 8585 x 7.7 - 0.661 x 105 (51 percent) 
KaC : 6311 x 7.7 

' 

0.486 x 105 (38 percent) 

Total 

6311 x 7.7 

' 1.28 x 10 5 

* 1.3 x 10 5 MeV 
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Appendix II 

Attenuation of Radium t-Rays by Concrete (E Y z 800 keV) 

Table 1, Column 2 lists the proportions by weight of the major elements to 
be found in normal concrete (density 147 lb/f^s 2.35 gr/cc). If we 
multiply by the density we obtain (column 3) the no of gr/cc of each element 
in concrete. 

Consider a section of concrete of area 1 cm x i cm and thickness x cm. 
The transmission is given by 

T(x) - e " M l 1 n e a r X 

where PIinear is t n e linear attenuation coefficient, in units of cm-1. An 
alternative way of expressing thickness is in units of mass/area (gr/cm 2), 
by multiplying the linear thickness x by the density. 

Then T(x') = e" *'*' 
where v' is in units of cm 2 gr" 1 

and x' is in units of gr cm -'. 

Column 4 of Table 1 lists the attenuation coefficient at 800 keV energy 
for each group of elements in units of cm 2 gr~*. The product of columns 3 
and 4 (given in column 5) is then the linear attenuation coefficient in units 
of cnr*. 

The total linear attenuation coefficient is then 
0.0831 • 0.0649 • 0.0187 = 0.167 cm-1. 
Then for a thickness of 30 cm 

T = e-0.167x30 s e-5.0 = 7 x lo-3 

However, this does not take into account the fact that not all interactions 
remove the fray completely, so that the attenuation of energy (or dose) is 
less severe. For this thickness at this energy the correction factor (Build 
up Factor) is dose to 4, so the attenuation factor is about 4x7x1 Cr 3 « 0.03. 

That is to say, a foot of concrete (soil) provides about a factor of 30 of 
attenuation. 

Table I 

Elements percent 
(by weight) 

Density 
gr/cm3 

attenuation 
coeff(cm 2gr - 1) 

1i near 
atten. coeff(cm - 1) 

oxygen 50 1.17 0.071 0.0831 

Sodium, 
aluminium 
silicon 

39 0.92 0.071 0.0649 

Potassium, 
Calcium Iron 11 0.26 0.072 0.0187 
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Chapter 2. Hazards of Raaiation Exposure 

Dr. Stephen B. Solomon 
Australian Radiation Laboratory 

Abstract. Radiation induced carcinogenesis and mutagenesis form the main 
risk to health from exposure to low levels of radiation. There is scant data 
on somatic and genetic risks at environmental and occupational levels of 
radiation exposure. The available data on radiation induced carcinogenesis 
and mutagenesis are for high doses and high dose rates of radiation. Risk 
assessments for low level radiation are obtained using these data, assuming a 
linear dose-response relationship - the so-called linear hypothesis. During 
uranium mining the chief source of radiation hazard is due to the inhalation 
of radon daughters. The correlation between radon daughter exposure and the 
increased incidence of lung cancer has been well documented. For radiation 
exposures at and below the occupational limits, the associated risk of 
radiation induced cancers and genetic abnormalities is small and should not 
lead to a detectable increase over naturally occurring rates. 

INTRODUCTION 
The acute effects of high levels of ionising radiations are well 

documented (for example the A-bomb victims at Hiroshima and Nagasaki). These 
effects range from cataracts of the lens of the eye, radiation burns and 
impairment of fertility, to extreme forms of radiation sickness. The 
radiation doses and dose rates required to induce these effects are at least a 
factor of 1000 greater than those normally encountered in the course of 
radiation protection. 

Radiation protection for the general public and for occupationally exposed 
workers must deal with the effects of low level radiation. These effects can 
be categorised into two types: 

(i) Somatic effects. These are radiation induced effects that are 
manifested in the person receiving the radiation. These often take 
the form of some type of carcinogenesis or leukaemia, 

(ii) Genetic effects. These are effects to later generations through 
mutagenesis. 

The effects can also be categorised into stochastic and non-stochastic 
processes. 

Stochastic effects are those for which the probability of the effect 
occurring has no dose threshold. Carcinogenesis and mutagenesis are 
considered to be stochastic effects. 
Non-stochastic effects are those for which the severity of the effect 
varies with dose, and for which a threshold may therefore occur. 
Cataracts of the lens are an example of a non-stochastic somatic 
effect. 
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The somatic and genetic effects of low level radiation exposure have a 
very stall incidence rate and occur naturally in the population. In addition 
these effects often have latent periods of aany years and can be only studied 
using statistical Methods. The data on the effects of low level raaiation 
exposure »e very sparse. It is •ore practicable to estimate the risks of low 
dose levels and dose rates by the extrapolation of data fro* audi higher dose 
levels, based on assumptions about the nature of the dose- response 
relationship, the mechanisms involved and the susceptibility of the population 
group at risk. In the next sections the somatic and genetic hazards of 
radiation exposure in general are considered, before discussing the specific 
hazards of radiation exposure due to uranium mining. 
SOMATIC EFFECTS OF RAOIATIOh EXPOSURE 

La) Cancer Induction at High Doses and Dose Rates 
The major sources of data on radiation induced carcinogenesis in man are; 
(i) Studies of A-bomb survivors at Hiroshima and Nagasaki 

(ii) Studies of medical patients treated for ankylosing spondylitis using 
X-rays, 

(iii) Pacific islanders irradiated following Bikini Atoll H-bomb tests, 
(iv) Studies of lung cancer amongst uranium miners, 
(v) Studies of patients following radiotherapy. 

The UNSCEAR (1977) and BEIR (1972) reports provide extensive surveys of the 
available data on radiation inauced carcinogenesis. 

The derived risk estimates for mortality from radiation induced cancer are 
given in Table 1 (UNSCEAR 1977). Several qualifications concerning these 
values must be made; 

(a) The observed dose-incidence data pertain to doses > 0.5 Sv and to 
dose rates > 10 mSv/min 

(b) Some of the data were derived from patients undergoing medical 
treatment. These data may not be representative of the whole 
population. 

(c) The radiation doses received by persons in some of these studies 
carry large uncertainties. 

(d) For each cancer type, the total number of persons studied was 
relatively small, leading to large statistical uncertainties in the 
risk estimates. 

Although the exact dose-response relationships for each cancer type are 
difficult to ascertain, the tumor induction data for high doses and dose rates 
are consistent with a linear, non-threshold dose effect relationship. 
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Table 1 

Comparison of sources of risk coefficients 
for human carcinogenesis (UNSCEM 1977) at high doses and 

dose rates 
Cancer Type Data Source His* Coefficient 

(Mortality/person-Sv) 
* 10-* Leukaemia Hiroshima and Nagasaki 30 

Ankylosing spondylitis 11 to 25 x 10"" 
Pelvic irradiation 17 x 10~* 
(not in utero examinations) 

Thyroid cancer Hiroshima and Nagasaki 0.5 to 2 x 1 0 - 4 

Marshall Islanders 6 x 10""4 

Radiotherapy of children 1 to 5 x 10 
Lung cancer Hiroshima and Nagasaki 10 to 25 x 10" 4 

uranium mining 40 to 180 x 10 
Breast cancer Hiroshima and Nagasaki 13 x 10 

Multiple fluoroscopy 110 x 1 0 - 4 

Radiotherapy 210 x 10~* 
Bone cancer Radiotherapy ? ? 4 3 to 5 x 10 * 

Treatment with Ma 20 to 25 x 10 

(b) Cancer Induction at Low Poses and Dose kates 
The extrapolation of the aose-response data to the low doses ana dose 

rates of interest in radiation protection requires the assumption that the 
functional relationship is unchanged. However data from unicellular and 
animal studies indicate that repair mechanisms for radiation induced injury 
exist at low closes and dose rates, and in particular for low LET (Linear 
Energy Transfer) radiations such as X-rays and -r-rays. 

Counter to this effect, there is evidence for an increase in the 
carcinogenic effect of radiation at low dose rates, due possibly to the 
reduced killing of cancer susceptible cells. (BEIR 1972). 

The dose-response functions are also dependent on the radiation type. The 
effects of r-rays and X-rays on biological material are attributable to the 
production of fast electrons in the interaction with the material. The y-rays 
and X-rays produce sparsely distributed energy releases, with perhaps one or 
two interactions within the volume of a cell (of size - 1 ym). High LET 
radiation, such as protons, neutrons and o-particles produce very dense 
ionisation within materials (the neutrons, although uncharged, quickly produce 
knock-on protons). Therefore, there are many more interactions within the 
volume of a cell. 

The differences in the rate of energy release for the different radiation 
types lead to a variation in the relative biological effectiveness (kBE) of 
the radiation. That is, high and low LET radiations might be expected to have 
different dose response relationships. The available experimental oata 
indicate that for simple organisms, the dose-response relationships are 
linear. This can be interpreted as indicating that a hit to a single 
radiation sensitive target within the organism is sufficient to cause the 
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effect. For more conplex cells, a linear oose-response function is obtained 
only for high LET radiation. The data on humm radiation inauced 
carcinogensis, although limited, indicate that a-particles and neutrons at Ion 
dose rates are at least a factor of 5 more effective per rad to average tissue 
than r-rays or X-rays at high dose rates (KIR 1972). 
(c) The Linear Hypothesis for Risk Assessment at Low Doses and Pose Rates. 

There is insufficient data available to fit Functional forms to the 
dose-response relationships for the different types of hunan carcinogenesis 

nut agenesis. Hithin a population grcjp, these functions are likely to be 
upon a mater of Modifying effects such as age, sex and heredity, 

making their application on a general basis of dubious validity. 
The currently accepted method of risk assessment at low doses and dose 

rates requires the extrapolation of the data assuming that there is no 
threshold and that the response varies linearly with dose. This assumption, 
termed the "linear hypothesis" is consistent with each of the epidemiological 
data and provides the only workable method of risk estimation at occupational 
and environmental radiation levels. Estimates made using the linear 
hypothesis tr^ usually interpreted as being an upper limit to the actual 
risk. There is evidence to suggest that a linear extrapolation from 
dose-response data at doses less than lty provides an accurate estimate of the 
low level risk (brown 197§). However such data are scarce. 

The risk coefficients for hunan carcinogenesis, derived from the high dose 
data and subject to the restrictions of the linear hypothesis, are given in 
Table 2. (Hatson 1977). 

Table 2 
Risk Coefficients for Carcinogenesis (Hatson 1977) 

whole-body exposure Risk (per person-Sv) 
Leukaemia 20 x 10 * 

100 x 10 

5 x lO" 4 

15 ] no" 
15 i 
5 x 

no" 
lO"4 

40 i i 10^ 

All cancer including leukaemia 

Specific organs 
Cancer of bone 
Cancer of lung 
Cancer of breast 
Cancer of thyroid 
Cancer of other organs 

(excluding leukaemia) 

6ENETIC EFFECTS Of RAOIATIOh EXPOSURE 
The genetic effects of radiation arise fron the production of gene 

mutations and chromosome abberations. The incidence rate of all types of 
non-radiation induced genetic effects in the general population is - 10°/o 
(BEIR 1979). There is yery little human data on radiation induced 
mutanogenesis. The studies of the A-bomb survivors showed an apparent absence 
of radiation induced genetic effects, and allow only upper Units to be placed 
on possible effects. 
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The main sources of data for assessing these risks come from extensive 

studies of Drosophilia (fruit flies) and of mice. For irradiation of 
Drosophilia spermatozoa the induction of genetic effects appears consistent 
with a linear dose-response relationship down to 0.25 Gy. However, the data 
on irradiation of Drosophilia eggs and of mice are consistent with a dose 
response function having a quadratic component. This suggests that in some 
circumstances estimates derived using the linear hypothesis are likely to over 
estimate the risks. The over-estimate using the linear hypothesis occurs 
because the points from the high dose data are assumed to lie on a straight 
line which passes through the origin, i.e. the zero dose-zero effect point. 
This line lies above any quadratic dose response function. 

A conservative estimate of risk for radiation induced abnormalities is 5 
per million parental mSv, expressed mostly in the first two generations 
(Watson, 1977). 

RADIATION HAZARDS DURING URANIUM MINING 
During the mining of uranium the two main sources of radiation hazard 

arise from the external -r-ray field due to the uranium ore and from the 
inhalation of the decay products of the radon present in the ore. Uranium ore 
grades for deposits in Australia are of the order of 0.2°/o (with the 
exception of deposits similar to the Narbalek deposit, where the average ore 
grades are as high as 2°/o. Such ore grades are atypical). The t-ray field 
above a 0.2°/o ore body is ~ 10 pGy / hour. For a 170 hour working month 
this amounts to - 20 mSv/year, a factor of 2.5 below the present occupational 
limit for continuous exposure. Using the risk factors from Table 2, and 
subject to the assumption of the linear hypothesis, an upper limit of 2 
radiation induced cancers per 10,000 worker-years can be inferred from 
external irradiation for somatic effects. The associated rate of radiation 
mutagenesis for those miners capable of producing children, would be 
0.01°/o or less than a 0.1°/o increase to the natural mutation rate. 

In the uranium mining industry the greatest cause of deaths from radiation 
exposure has been from lung cancer caused by the inhalation of radon 
daughters. Studies going back to the 15th century had shown an increase in 
the proportion of respiratory deaths amongst miners working underground in 
silver mines in Germany and Czechoslovakia. These mines were later shown to 
contain significant amount of uranium and estimates of the radon concentration 
range as high as 400 Bq/1 (Holaday 1969). Initially termed "mountain 
sickness", the disease was identified during the 19th century as being a form 
of primary lung cancer. In the 1920's the radon gas associated with the 
uranium ore was suspected as a possible cause for the increase in lung cancer 
deaths. 

From calculations of the radiation dose to the lungs and trachea following 
the inhalation of radon, it was found that the main contribution to the lung 
dose arose from the alpha-particle radiation produced by the 4 short lived 
radon daughters; 2 1 8 P o , 2 1 4 P b , - 1 4Bi r.nd 2 1 4 P o . The calculations 
indicated that free atoms were deposited in the upper respiratory tract where 
they subsequently decayed. Atoms attached to dust were deposited deep in the 
lungs. The heaviest radiation doses arose from o-particles incident on the 
cells lining the bronchial tubes. This is the region where most lung cancers 
occur in uranium miners. The conclusion drawn from this modelling was that 
the concentration of the radon daughters are r.' greater importance to 
radiation protection than the radon concentration. 
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The epidemiological studies to date show a definite correlation between 

the cumulative exposure to radon daughter products, as measured in WLM 
(Working Level Months) and the increased incidence of lung cancer amongst 
miners. The two most comprehensive studies have been carried out in the U.S. 
and in Czechoslovakia. Both studies demonstrate that the excess in lung 
cancer amongst uranium miners was not attributable to age, smoking, nativity, 
heredity, organisation, self-selection, diagnostic accuracy or prior hard rock 
mining. 

The American study was carried out by the U.S. National Institute for 
Occupational Safety and Health (NIOSH) and covered miners who had worked one 
or more months in the Colorado uranium mines prior to 1964 (Archer et al 
1973). The incidence of lung cancer over the period 1950 to 1968 was studied 
in a sample of 3366 white and 780 non-white uranium miners. The results 
showed an excess of 58 deaths due to lung cancer above the match controls. 
The miners in the sample group were classified into six cumulative exposure 
categories. The resultant exposure-response data were consistent with a 
linear response with dose, as shown in Figure 1, with a slope of ~ 3.2 cases 
per year per 10^ miners-WLM. Over a 30 year period this amounts to a total 
risk of 100 x 10" 6 cases per WLM. (Lundin et al 1971). 

The Czechoslovak study used a sample group somewhat larger than the 
American study and examined the incidence of lung cancer amongst 
Czechoslovakan uranium miners over the period 1948-1973 and 1948-1975 (Kunz 
et al 1979). The data from this study suggest that a statistically 
significant excess of lung cancers may result from cumulative exposure levels 
as low as 150 WLM. Figure 2 shows the results for miners who commenced work 
during the years 1948-1952. The miners were followed up for a period of 26 
years. The resultant exposure-response data are again consistent with 
linearity, and some of the data are shown in Figure 2. The data yield an 
excess lung cancer rate of 230 x 10~° cases per WLM. The study also found 
that this rate was dependent upon the age of the miners at the start of 
mining, varying from 140 x 10~" cases/WLM for those under 30 years to 370 x 
10~° cases/WLM for those older than 40 years. 

Further studies on excess lung cancers due to radon daughter exposure 
include; 

(i) A study of miners in Sweden (non-uranium) yielded an excess mortality 
rate of 3.4 x 10~ 6 cases per year/WLM (Snihs 1973). 

(ii) A study of fluorospar miners in Newfoundland yielded an excess 
mortality rate of 2.2 x 10~» cases per year/WLM (de Villiers et al 
1979). 

(iii) A study of miners in British iron ore mines found an excess mortality 
rate of 6.0 x 10~ 6 cases per year / WLM (Boyd 1970). 

in each of these three studies, there was occupational exposure to 
increased concentrations of radon, present in the mines. Studies of miners in 
Canadian uranium mines showed an increase in the death rate from lung cancer, 
from 0.3°/o for the unexposed control group, to 3.7°/o in the group with a 
cumulative exposure of 180 WLM. (Ham et al 1976). These data were consistent 
with a linear, non-threshold dose-response function down to exposure levels of 
10 WLM. 
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For a working-year exposure at the occupational limit of 4 ULM, the number 

of induced lung cancers may be expected to be .3 to 1 cases per 1000 workers, 
over a period of 40 years after exposure. 

The Effect of Cigarette Smoking 
The risk estimates given above mainly pertain to cigarette smoking 

miners. Although cigarette smoking is itself associated with increased lung 
cancer incidence, smoking alone is not able to account for all excess uranium 
miner lung cancers. The lung cancer rates for cigarette smoking uranium 
miners are at least a factor of 6 greater than from smoking non-miners. There 
is also evidence for a possible interaction between cigarette smoking and 
radon daughter exposure. It has been noted that cigarette smoke particles are 
the optimum size for attachment of radon daughter products. The excess 
mortality rates from lung cancer amongst non-smoking uranium miners are a 
factor of 8 lower than for miners who smoke at least 20 cigarettes per day 
(Archer 1976). The difference in the slopes of the curves in Figure 1, for 
white and non-white miners, may be due to differences in smoking habits. For 
the white sample group, 77°/o of the miners and 99°/o of the lung cancer 
cases were cigarette smokers. The non-white sample group were predominantly 
non-smoking amerIndians. There are also data showing the latent period for 
lung cancer induction to be 6 to 7 years less for cigarette smoking miners 
than for non-smoking miners. Overall, there is a strong case for discouraging 
cigarette smoking amongst uranium miners. 

SUMMARY 
For most uranium mines in Australia, planned or operational, the somatic 

and genetic risks associated with irradiation by the y-ray radiation from the 
uranium ore are small, the exposures being well within the occupational limits. 

The largest risk related to radiation exposure is expected to arise from 
the inhalation of radon daughter products, leading to possible induction of 
lung cancer. This risk, although small at exposure levels below the 
occupational limits, can be increased by cigarette smoking. 
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Chapter 3. The Natural Radiation Background 

Or. J. C. Ouggleby 
Australian Radiation Laboratory 

Abstract. The natural background radiation, to which the huaan race has 
always been subjected, has aany components. Each component varies from place 
to place and also with tine. Cosaic radiation is a major contributor to the 
external dose to the huaan body whilst naturally-occurring radionuclides of 
priaordial and cosaogenic origin contribute to both the external and internal 
doses, with the priaordial radionuclides being the major contributor in both 
cases. The components of the natural background radiation and their 
variations are described. 

Han hiaself, by his practices, habits and technological innovations, has 
continually modified the radiation dose to which he has been subjected. Some 
of these modifications are described briefly. 

The two traditional methods of measuring background radiation, viz. 
ionisation chamber measurements and scintillation counting, are looked at and 
the prospect of using thermoluminescent dosimetry is considered. 

INTRODUCTION 
Nan has always been exposed to ionizing radiation from various natural 

sources. A distinguishing characteristic of this natural irradiation is t»iet 
it involves the entire population of the world and it has been experienced at 
a relatively constant rate for a very long time. On the other hand, natural 
background radiation is not uniform throughout the world, and in fact, exposure 
to natural radiation sources varies substantially from place to place. In 
addition, exposure to some of its components can exhibit time variations 
though, in general, these are small. The description of natural radiation 
background, its components and its variations form the bulk of this chapter. 
More details of the radiation levels quoted below and other related 
information may be found in Annex B to the 1977 Report of the United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR 1977). 

Man has in many ways altered the original pattern of natural sources of 
radiation and has introduced new sources of radiation into the environment. 
In most cases this has increased the radiation dose he receives and is often 
referred to as technologically enhanced radiation; this aspect of radiation 
received by man will be dealt with briefly in this chapter and in greater 
detail in other chapters. 

The various natural radiation sources include:-
(a) External sources of extra-terrestrial origin (cosmic rays) and of 

terrestrial origin (radionuclides present in the earth's crust ano 
the atmosphere). Both vary from place to place, the terrestrial 
radiation being the more variable. 
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(b) Internal sources, comprising naturally occurring radionuclides which 

are taken into the body. A few of these (carbon-14, potassium-40) 
have fairly constant concentrations in the body but, for the 
majority, the concentrations vary according to the concentrations in 
the environment. 

A summary of typical absorbed dose-rates arising from the components of 
the natural radiation background is given in Table 1. 

Table 1 
Typical absorbed dose-rates arising from the components of the 

natural radiation background (UNSCEAR 1977) » 

External dose-rates nGy h nGy h 
Cosmic radiation 32 

Hard component 22 
Soft component 9.6 
Neutron component 0.4 

Cosmogenic radionuclides 0.2 
Primordial radionuclides (world-wide average) 45 

Internal dose-rates 
Cosmogenic radionuclides 1.53 

Tritium-3 0.001 
Beryllium-7 0.009 
Carbon-14 1.5 
Sodium-22 0.02 

Primordial radionuclides 19.5 
Potassium-40 18 
Rubidium-87 0.5 
Uranium-238 series ) 
Uranium-235 series ) 1 ** 
Thorium-232 series ) 

Total 98 

* An absorbed dose rate of 1 nGy h" is the same as an absorbed dose rate 
of approximately 0.874 mrad per year. 

** Lung tissue receives an additional absorbed dose-rate of 34 nGy h" 1 from 
radon and its daughters, and bone-lining cells receive an additional 
absorbed dose-rate of 4 nGy h" 1 from lead-210 and polonium-210. 
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EXTERNAL RADIATION 
Cosmic Ra^s 

The high energy radiations that enter the earth's atmosphere from outer 
space are known as primary cosmic rays, when they interact with atomic nuclei 
in the atmosphere, secondary particles and electromagnetic radiation are 
produced; these are called secondary cosmic rays. 

The origin of primary cosmic rays is still not completely determined. 
However, it is known that most of the observed radiation originates within our 
galaxy. In addition to the galactic cosmic rays, the sun produces solar 
cosmic rays related to solar flares. 

Primary galactic cosmic rays consist largely of high-energy protons, some 
helium-4 ions and y/ery small proportions of heavier particles together with 
electrons, photons and neutrons. The energy spectrum covers the range 1 NeV 
to 1014 HeV with a peak around 300 MeV per particle. The galactic cosmic 
ray flux density remains fairly constant though there is a small 11-year 
variation, coinciding with the solar cycle of sunspot activity, with large 
bubbles of ionized gas of solar origin temporarily deflecting the primary 
cosmic rays. The earth's magnetic field also deflects low-energy protons in 
the primary cosmic rays towards the magnetic poles to produce a latitude 
variation. 

Primary cosmic rays of solar origin have energies in the 1 MeV to 40 MeV 
range and are associated with solar flares which reach their maximum in about 
10 minutes before slowly subsiding. Because of the relatively low energy of 
primary solar cosmic rays, only the largest flares produce an observable 
effect at the earth's surface and such effects are observed less than once per 
year on average. 

The highest energy cosmic ray particles entering the atmosphere undergo 
nuclear reactions with atoms present in the air, producing neutrons, protons, 
pions and kaons. In a succession of reactions which can then follow 
(producing a 'cascade' effect), pions decay to muons or photons and cosmogenic 
nuclides including, among others, tritium, beryllium-7, beryllium-10, 
sodium-22 and sodium-24 are formed. One important reaction is the capture of 
thermalized neutrons by nitrogen-14 to form carbon-14. 

The ionizing component of cosmic radiation can be regarded as having two 
components - 'soft' and 'hard*. The soft component, which is responsible for 
some 30 percent of the dose, consists mainly of electrons and is stopped by 
about 5 cm of lead whilst the hard component, being composed of heavier 
particles, can penetrate many metres of earth. The absorbed dose rate in air 
of unattenuated cosmic radiation at ground level is 32 nGy h" 1. The 
principal variation with time of unattenuated cosmic radiation is that due to 
barometric pressure and is about 3.5 percent per cm Hg pressure variation (the 
variation with pressure decreases as the radiation becomes harder through 
attenuation). A small variation with atmospheric temperature has also been 
reported. The variation of dose-rate with atmospheric pressure leads 
naturally to an increase of dose-rate with altitude. The dose-rate from the 
neutron component of cosmic radiation is comparatively small, being 
approximately 0.4 nGy h" 1, but rises above 1 nGy h" 1 at 1000 metres 
altitude. 

Terrestrial Kadiation 
Radioactive nuclides have always been present in the natural environment, 

their decay producing alpha particles, electrons and electromagnetic 
radiation. Because the human organs and tissues in which the doses are 
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usually calculated are shielded by at least a few millimetres of tissue, which 
absorbs practically all of the energy of alpha particles and electrons emitted 
by natural radionuclides, only the gamma contribution will be considered 
here. However, it should be borne in mind that the skin and, to a lesser 
extent, the lens of the eye, being at or near the surfaces of the body, 
receive higher doses than tissues and organs of primary interest. 

The natural radionuclides in the environment can be divided into two 
classes, cosmogenic and primordial. The cosmogenic radionuclides have been 
listed above. Of these, beryllium-10 is a long-lived beta-emitter which does 
not therefore contribute to the dose rate. The contributions from 
beryllium-7, sodium-22 and sodium-24 are negligible when compared with those 
from the primordial radionuclides. However, beryllium-7 with a half-life of 
53.3 days and emitting a y-ray of 478 keV is easily measured in air filters 
and some other environmental samples using standard low-level gamma 
spectroscopy techniques. Among the primordial radionuclides, the main 
contributors to external exposure are potassium-40 and the two radioactive 
series headed by uranium-238 and thorium-232. All are long-lived 
radio-nuclides that have existed in the earth's crust throughout its history. 

In igneous rocks, the concentration of radioactive nuclides is related to 
the quantity of silicates, being highest in acidic rocks and lowest in the 
ultrabasic rocks. Generally, sedimentary rocks have a lower radioactivity 
than igneous rocks, though some shales and phosphate rocks are highly 
radioactive. The concentration of radionuclides in soil is that of the rock 
from which it is derived, diminished by the leaching of moving water, diluted 
by increased porosity and by added water and organic matter and augmented by 
sorption and precipation of radionuclides from incoming water. 

Taking a representative soil of density 1.6 cm -3 and consisting by 
weight of 67.5 percent SiOg. 13.5 percent A^O^, 4.5 percent FegC^, 
4.5 percent CO2 and 10 percent H2O, it is possible to calculate the dose 
rate at a height of 1 metre above ground for any gamma-emitter homogeneously 
distributed in the soil. For a distribution of 37mBq potassium-40 per gram of 
soil, the dose-rate would be 1.6 nGy h~l; the equivalent figures for the 
uranium-238 and thorium-232 series in which all constituents are in 
radioactive equilibrium are 15.8 and 24.5 nGy h"^. The assumption of 
radioactive equilibrium is generally not strictly valid for soils because of 
differentiation resulting from 

(1) the soil-forming process and biological reworking and 
(2) the escape of some radon from the soil into the atmosphere. 
The main contributions to the absorbed dose-rate are due to thallium-208 

and actinium-228 in the thorium-232 series, while for the uranium-238 series, 
about 99 per cent of the dose-rate is due to lead-214 and bismuth-214. Gamma 
energies range up to 2.6 MeV and are partly attenuated by the soil with the 
result that, for a typical natural radiation field, the predominant 
contribution to external irradiation above the ground originates from the top 
30 cm of soil. 

Surveys of the radiation dose-rate from the natural background have been 
made in a number of countries by a variety of methods, some being more 
comprehensive and valid than others. A population-weighted average absorbed 
dose rate in air obtained from data submitted to UNSCEAR before 1977 gives a 
figure of 43 nGy h~*. This involves 30 percent of the world population but 
only about 2 percent of the total land area, all in three separate regions of 
the Northern Hemisphere. Based on the worla-wide average concentration of 
primordial radionuclides in soil, a figure of 46 nGy h-1 can be calculated. 
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Hence a value of 45 nGy h -l can be considered a reasonable estimate of the 
outdoor average absorbed dose-rate in air, lm above the ground, from 
terrestrial radiation. 

The dose-rate from all cosmogenic radionuclides taken together can be 
calculated using a few approximations. The figure so calculated is of the 
order of 0.2 nGy h~l, which is insignificant compared with the contribution 
from primordial radionuclides in the ground. 

The absorbed dose-rate in air at a given location is not constant. The 
most significant variations are associated with snow cover, soil moisture 
content and the atmospheric concentration of radon-222 decay products. Snow 
cover acts as an attenuator of the radiation from the underlying soil and a 
20cm blanket of snow reduces the exposure rate by about 50 per cent. Soil 
moisture similarly has an attenuating effect on radiation from the soil; 
however, it also prevents the emanation of radon-222 and the resultant 
accumulation of its decay products in the soil compensates to a variable 
extent for the attenuation effect of the moisture. The overall attenuation 
can average 20 percent during periods of wet weather. Strong inversion 
conditions prevent the mixing of radon-222 and its daughters in the whole 
atmosphere and by confining them to the layers near the ground can raise the 
local dose-rate by as much as 10 nGy h~*. Increases of a similar amount can 
be produced by a heavy rainstorm scavenging the atmosphere of the daughters of 
radon-222 and depositing them on the ground; this however is only a temporary 
effect as the two predominant daughters decay with half lives of 26.8 and 19.7 
min respectively and then the dose-rate from the ground is further lowered by 
the attenuation effect of the rainwater. 

It should be noted that a comprehensive study of background radiation 
dose-rate has not been carried out in Australia to date, but that plans are 
being made for this Laboratory to make such a survey in the near future. 

Overseas surveys have revealed areas, sometimes well-populated, where the 
background dose-rate is very high due to strong concentrations of 
radionuclides in the soil; the best known of these are in India and Brazil. 
In India, a narrow coastal strip 250 km long and averaging 0.5 km wide in the 
States of Kerala and Tamil Nadu is very rich in monazite mixed with ilmenite, 
rutile, sillimanite and zircon. In one part of the strip which is populated 
by about 70,000 persons, the thorium concentration ranges between 8.0 and 10.5 
percent by weight in patches, with an average dose-rate in the region of about 
1300 nGy h" 1. In Brazil, three coastal towns are built on monazite sands 
and in one of these with a resident population of 12000 and an additional 
30000 holiday makers every summer, absorbed dose-rates of 1000-2000 nGy h _ 1 

are measured in the streets and up to 20000 nGy h~* over selected spots on 
the beach. Also in Brazil two volcanic regions exhibit high dose-rates. In 
one, a mineral called pyrochore containing 60 percent niobium oxide, 1.9 
percent thorium oxide and 1.3 percent uranium oxide produces local dose-rates 
up to 4000 nGy h~* whilst, in the other region, an uninhabited hill has a 
dose-rate of 28000 nGy h _ I . 

In Ramsar, Iran, dose-rates of 2000-50000 nGy h" 1 have been reported in 
a small area characterized by the presence of spring water rich in 
radium-226. In France, dose-rates of 2000 nGy h~l are not uncommon and a 
very' localised value of 100000 nGy h"l has been discovered. 
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INTERNAL RADIATION 
Cosmogenic Radionuclides 

Very little of the dose from natural background is contributed by the 
cosmogenic radionuclides. Of the many nuclides produced by cosmic rays, only 
tritium, beryllium-7, carbon-14 and sodium-22 contribute appreciably to the 
dose. Practically all of the tritium participates in the normal water cycle 
as tritiated water. Its concentration in the oceans averages 110 mBq 1-1 
and in continental surface waters ranges from 220 to 880 mBq 1-1. Assuming 
that the specific activity in the body is similar to that in continental 
surface waters, the dose to whole body is of the order of 1 x 10-3 nGy h -l. 

Because of its comparatively short half-life (53.6 days) the bulk of the 
beryllium-7 remains in the surface air where it contributes about 2 x 10-3 
nGy h -l to the lung. However, some beryllium-7 enters the body through 
leafy vegetables and delivers a whole body dose of 9 x 10-3 nQy h-1. 

Carbon-14, though formed in smaller quantities than the other cosmogenic 
radionuclides named, has a long half-life and universal biological 
involvement. The natural specific activity of carbon-14 is 230 mBq g - 1 and 
the dose to whole body calculated to be 1.5 nGy h~l. 

Sodium-22 also has a small production rate and atmospheric concentration 
but because of its 2.62 year half-life and its metabolic behaviour in the 
body, it delivers a whole body dose estimated to be 2 x 10~ z nGy h . 

Primordial Radionuclides 
The primordial radionuclides which are significant sources of internal 

radiation are potassium-40, rubidium-87 and the members of the three 
radioactive series headed by uranium-238, thorium-232 and uranium-235 
respectively. 

The major naturally-occurring source of internal radiation dose is 
potassium-40. Being an essential element, potassium is under close 
homeostatic control in the body; that is, any excessive intake of the element 
is eliminated again by the body which retains only the quantity required for 
its healthy functions. The concentration of potassium contained in the whole 
body is a function of age, sex and physical fitness, and any radical departure 
from normal (especially a reduction) is generally a sign of ill-health. 

A typical value for a healthy, male adult would be 2g of potassium per 
kilogram body weight. Potassium concentration is high in well-used muscles 
and low in bones and fat. Therefore, the average concentration of potassium 
in the body falls with advancing years (as a consequence of loss of muscle tone 
and less physical activity), obesity (due to excessive low-potassium fat) and 
some diseases. In the general population, females have a lower concentration 
of potassium in their bodies than males; athletes, on the other hand, tend to 
have high potassium concentrations. The highest concentration in the human 
body is in the red marrow where a value of 4.4 g kg" 1 is typical. 

The isotopic abundance of potassium-40 is 118 parts per million and the 
radionuclide is both a beta and gamma-emitter. Consequently, the average 
absorbed dose to the red marrow is 31 nGy h~' and to other vital organs and 
the whole body is 17 to 19 nGy h -1. 

Very little is known about the behaviour of rubidium-87 in man's 
environment. From known mass concentrations of rubidium in body organs and 
its radiation characteristics, absorbed doses in the various organs range 
between 0.5 and 1 nGy h~1, with 0.5 nGy h -l being the dose to the whole 
body. 
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Of the three natural series of primordial radionuclides, the biological 

effects of the members of the series headed by uranium-235 can be ignored Mhen 
compared with those of the far more abundant radionuclides in the uranium-238 
and thorium-232 series. All members of the series can enter the body through 
ingestion whilst radon-222 and radon-220 with their short-lived daughters may 
also be inhaled. The natural distribution of members of the series in the 
human body combined with the variability of the concentration of these 
radionuclides in the various components of the environment makes the 
assessment of radiation dose from each radionuclide to the various body organs 
a very complicated problem. 

However, it has been estimated that the dose to lung from the average 
concentration in the environment of radon-222 and its daughters is 
34 nGy h-1 and from radon-220 and its daughters is 5 nGy h _ 1 . The dose to 
bone-lining cells from the long-lived lead-210 and its daughters has been 
estimated at 4 nGy h - 1 and from ingested radium-228 and daughters to be 
1 nGy h~l. The contributions of each of the radionuclides in the two series 
to gonads, lung, bone-lining cells and red bone marrow, other than the ones 
specifically mentioned above, are less than 1 nGy h~>. 

MAW'S MODIFICATION TO HIS RADIATION ENVIRONMENT 
Since man abandoned his primitive nomadic existence he has, through his 

practices, habits and technological innovations continually modified the 
radiation dose to which he has been subjected. Such modifications are 
numerous and they will be described briefly below. 

Man's first modification to his radiation environment occurred when he 
started constructing buildings in which to live. The construction of a floor, 
walls and roof attenuates the background radiation reaching the inhabitant; 
however, this is counteracted by the dose from the radioactivity contained in 
the construction materials. The net result can be positive or negative. If 
the wall materials are rich in radium and thorium, an additional dose may 
arise from the accumulation of rador. and thoron gas and daughter products in 
unventHated parts of the building, especially basements. In modern times, 
air-conditioning with a high proportion of re-cycled air can have a similar 
effect. 

When man started burning coal, he unwittingly added to his radiation 
dose. Coal contains all members of the uranium-238 and thorium-232 series. 
When coal burns the radon and thoron are released to the atmosphere, and the 
other radionuclides are concentrated in the slag and fly ash. In large 
coal-burning power stations, the slag and the bulk of the fly ash are 
retained, but the finer particles of fly ash escape with the gaseous products 
and may be deposited in the surroundings. Sampling of the top layers of soil 
and of snow in the vicinity of coal-fired power stations has revealed enhanced 
quantities of the natural radionuclides and these, together with inhaled 
radioactive gases and particles contribute an additional radiation dose to the 
inhabitants of the area. 

An increasing number of consumer products are being made with a 
radioactive content. Earlier this century, radium was the radionuclide used 
in most products, but the hazard from this radionuclide was recognised and now 
it has been replaced by one of several artificially-produced radionuclides 
selected for their lower hazard. Radionuclides are used in radioluminous 
products, electronic and electrical devices, antistatic devices, gas and smoke 
detectors, glazed ceramics, welding rods and other devices including 
scientific instruments. Although the contribution from any one product is 
\iery small, it could become appreciable if their use is unchecked by 
regulation. 

file:///iery
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During the past 85 years, x rays and radionuclides have found increasing 

use in Medicine. Initially radius was used almost exclusively, though thorium 
also played a minor role. In more recent years, radon replaced radium for 
many medical applications and now these radionuclides have been replaced by 
short-lived artificial radionuclides. Whilst the benefits of x rays and 
radionuclides in medicine obviously greatly exceed any disadvantages, they 
nevertheless increase the radiation dose to the population and should not be 
used indiscriminately. 

Phosphate deposits usually contain relatively high concentrations of the 
naturally-occurring radionuclides of the uranium-238 series. About half of 
marketable phosphate rock is converted to fertilizer, and the other half is 
used to produce other commodities such as phosphoric acid. The mining and 
processing of phosphate ore redistributes uranium-238 and its daughters among 
the various products, by-products and wastes of the industry. For example in 
the production of phosphoric acid, most of the uranium and thorium is 
transferred to the acid, whilst most of the radium remains with the gypsum 
by-product. Gypsum has been found to be useful in the building industry where 
it contributes to the radiation dose in buildings. 

With the increasing popularity of air travel, there is a corresponding 
increase in the radiation dose to the population due to the enhanced dose-rate 
from cosmic radiation at high altitudes. Measurements show that at an 
altitude of 10,000 metres the absorbed dose-rate is 1500 nGy h~l and at 
13,000 metres it is 3000 nGy h -*. Supersonic planes fly at higher altitudes 
and thus passengers in them are subject to higher dose-rates; however, for a 
given journey the total dose is less than for a subsonic flight at normal 
operational altitude because of the reduced time spent on the journey. 

Some pockets of commercially used natural gas contain enhanced 
concentrations of radon. Some of this is removed by the processes used to 
extract methane, ethane, propane and heavier hydrocarbons for bottled gas and 
more of it decays in the time between extraction from the well and use by the 
domestic consumer. Nevertheless, the remainder adds a small fraction to the 
dose-rate received by some users of natural gas. 

In the last 35 years a small additional dose-rate to the population has 
arisen from radioactive fallout from the detonation of nuclear devices in the 
atmosphere. This is sometimes estimated as the 'dose commitment', being the 
total dose received to date from fallout plus the dose to which a person is 
committed in the future as a result of (i) strontium-90 already in his bones 
and (ii) the wery small quantity of radionuclides in the environment which is 
still to find its way into his body or subject him to future external 
radiation. As the majority of nuclear tests have been carried out in the 
Northern Hemisphere, the Australian adult population has a lower dose 
commitment than the world average. It has been estimated at 580 pGy to the 
whole body, 1110 pGy to the bone-lining cells and 950 nGy to the bone marrow; 
the additional dose commitment to the bone components arise from beta-emitting 
strontium-90 in the bones. 

A small portion of the world population will have received an increased 
dose due to the nuclear industry which includes uranium mining and milling, 
fuel processing and the generation of nuclear power. This subject will be 
dealt with more fully in other chapters. 
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METHODS Of MEASUREMENT 

The measuiamtnt of radon and its daughters in the atmosphere and the 
radiochemical analysis of radionuclides in environmental samples, with 
eaphasis on enhanced levels, will be discussed in other chapters; the 
Measurement of normal levels of background gamma radiation will be briefly 
discussed here. 

Two methods have been traditionally used in the past - ionisation chamber 
measurements and scintillation counting. Ionisation chamber measurements, due 
to the fact that they use the same method by which dose is defined, tr^ the 
more accurate and reliable, scintillation counting is generally more 
convenient because the equipment is lighter and more compact. 

Because the dose-rate from normal background radiation is so small, it is 
not feasible to construct a workable ionisation chamber operating at 
atmospheric pressure to measure it accurately. By filling a 25cm diameter 
spherical ionisation chamber with argon to a pressure of 25 atmospheres, the 
outpit current for a typical background of 100 nfiy h _ 1 would be 3 x 1 0 ~ 1 3 

amps. Some years ago this could be measured using specially selected tetrode 
electrometer valves in rate-of-drift circuitry for portable instruments; for 
studies of background fluctuations using a static monitor, a vibrating reed 
electrometer was necessary. Before the advent of Teflon in the late 1950s 
natural amber or highest grade polythene were the only suitable insulator 
materials available for such instruments. Present day equipment can be 
manufactured using metal oxide-silicon field effect transistors (MOSFET) in 
the current measuring circuitry and alumina ceramic insulator* to support the 
central electrode. With rechargeable batteries, the equipment can be made 
portable though still rather heavy. By suitable design of the chamber, the 
variation of response with incident gamma-ray energy can be minimised and an 
accuracy of better than 5 percent regardless of the composition of the 
background gamma-ray energy spectrum, is claimed by a comer?..* 
manufacturer. Because the detecting medium inside the chamber :s unaffected 
by outside conditions and the current measuring circuitry if 4*ry simple, high 
stability under the full range of likely meteorological con*:.ions can also be 
claimed. 

Scintillation counting equipment is more compact and hence more portaole, 
because the detecting medium is condensed as a sMid. la the 1950s expensive 
sodium iodide crystals or anthracene crystals were the only detectors 
available. The development of plastic scintillators .n the late 1950s 
provided a cheaper alternative which could be ̂ rtuTactured in larger volumes. 
The photomultiplier tubes, required to be coup.ed to the scintillators, have 
improved in their characteristics in recent years, but ar* still a source of 
instability in the circuitry. The presence of the photomultiplier tube 
attached to the scintillator introduces an inhemogeneity into the directional 
response of such an instrument. Though the equipment is easily made portable, 
the manufacturer of one such commercial instrument claims an accuracy of only 
20 percent. 

Recent developments in the field of thermoluminescent dosimetry indicate 
that theoretically this technique could be used t* measure radiation doses at 
background levels with good accuracy over a period c* months. This appc-<~s to 
have been borne out in practice by a series of exposures at this Laboratory 
but the validity of the data has not yet been confirmed. The techn.Qv 
suggests a convenient method of carrying out large >c.e population dose 
surveys. 
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Further reading 

A precis of the latest available information on natural and technologically 
enhanced radiation is contained in some of the Reports of the United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) to the U.N 
General Assembly. Reports containing such information were published in 1958, 
1962, 1966, 1972 and 1977. A further report will be published in 1981 or 
1982. Conferences on the Natural Kadiation Environment were held in 1962, 
1972 and 1978 and Reports have been published in book form as follows: 

"The Natural Kadiation Environment", ed. J.A.S. Adams and W.H. Lowder 
(1964). Uni. of Chicago Press. 

"The Natural Kadiation Environment II" (2 vols.) ed. J.A.S. Adams, 
W.M. Lowder and T.F. Gesell (1975). National Technical Information 
Service, Springfield, Virginia. (Also as CONF-72-0805 Pl-2). 
"The Natural Radiation Environment III" 12 vols.) ed. T. r. Gesell and 
W.M. Lowder (1980) National Technical Information Service, Springfield, 
Virginia (Published as CONF 780422). 

All of these publications contain extensive bibliographies. 

REFERENCE 
UNSCEAR (1977) 'Sources and Effects of Ionizing Radiation'. United 

Nations Scientific Committee on the Effects of Atomic Radiation. 1977 Report 
to the General Assembly, with annexes. 



45 
Chapter 4. External Fxposure from Gamma Radiation in 

Uranium Mines 

Or. J. E. Thomson 
Australian Radiation Laboratory 

Abstract. Radiation doses received by workers in a high ore grade uranium 
mine are compared t„ those of other radiation workers and the need to be able 
to calculate the exposure rate from an ore body is indicated. The uranium-238 
decay chain is presented and particular reference is made to the m a m gamma 
emitters and secular equilibrium of the members of the chain. Difficulties in 
dealing with a self attenuating volume source, in which scattering is 
important, are pointed out and traditional methods of solution are mentioned. 
It is shown that in the special case of an infinite ore bench a simple 
solution may be obtained using the energy conservation principle. A 
straightforward method for calculating the exposure rate from an arbitrarily 
shaped ore body is given and corrections due to air attenuation, different 
soil types and possible lack of secular equilibrium are dealt with. The gamma 
ray spectrum from the ore is discussed with specific reference to the 
selection of suitable exposure monitors and the calculation of transmission 
through shields. 

INTRODUCTION 
Exposure to gamma rays from uranium ore bodies represents a significant 

radiological health hazard to employees involved in the mining of high grade 
ore. It is often necessary, particularly when planning operations associated 
with these mines, to make estimates of the exposure rates from ore bodies of 
various ore grades and geometric configurations. The main aim of this chapter 
will be to show how these exposure rates can be calculated in a 
straightforward manner without the use of a computer and with an accuracy 
sufficient for radiological protection purposes. 

The material covered here will deal specifically with exposure experienced 
in uranium mines. The evaluation of exposure rates from thorium bearing ore 
in thorium mining may be made in an identical manner simply by changing the 
parameters of the specific source material. 

Many of the specific details of the calculations presented in this work 
are contained in AKL report No. 14 (Thomson and Wilson 1980). 
DOSES TO URANIUM MINERS COMPARED TO THOSE OF OTHER RADIATION WORKERS 

before dealing with the calculations let us put the doses experienced by 
Uranium Miners in perspective by comparing them to doses experienceo by 
members of other occupations dealing with ionizing radiation. Table 1 shows 
the doses received, on average, for various radiation workers in Australia. 
The data was taken from the 1977 UNSCEAR report (UNSCEAR, 1977). The 
important features to note are the doses experienced by those who work in 
radiology, radiotherapy and some industrial -adiographers. These represent 
the highest average doses to people occupationally exposed. The doses to 
these groups are less than 2.5 mty with the exception of nurses who handle 
patients with in situ sources ano receive on average 4.4 mGy. 
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The largely unavoidable average dose of about 1.5 mGy/year to a member of 

the public is shown at the bottom of table 1. This data is presented solely 
to give perspective to the size of occupational doses. In general the 
occupational doses are not more than a factor of 3 greater than this dose to 
general population. 

Table 2 presents data on miners from tne Nabarlek. This open cut mine, 
with a high average ore grade of 2°/o, probably does not represent a typical 
mine in Australia. Nonetheless the dose rate to all members of staff present 
at the mine, 2.3 mGy/year, are in the high group for occupational exposure and 
those for the miners, 6.1 mGy/year, were higher than average doses in any 
other occupation. Included also in table 2 are a few high individual doses 
that were received and what these would result in had the same exposure rate 
continued for a full year. Note that these are far higher than most other 
occupational doses. 

The above indicates that high exposure rates can be associated with 
uranium mines and the need for radiological protection to be considered at the 
planning stage of the mining operation. 

Having established that exposure to external y-rays in mines represents a 
significant radiological protection problem let us now discuss some of the 
general features of radioactive decay and the transport of gamma rays through 
materials which lead to a gamma ray field in a uranium mine. 

Table 1 
Occupation 

Radiology 
Radiologists 
Radiographers 

Radiotherapy 
Dermatologists 
Radiotherapists 
Nurses of patients with in situ sources 

Nuclear Medicine 
Average all workers 

Dentistry 
Dentists 
Assistants 

Veterinary 
Vets, and assistants 

Researchers 
(Electron microscopists, physicists etc. 

Industry 
Radiographers 
Users of tracers 

Chiropractic 
Chiropractors 

Average Annual Dose (mGy) 

1.60 
1.94 
1.00 
1.60 
4.40 

0.80 
0.10 
0.10 

0.18 
0.10 
2.40 
0.60 

0.30 
General Population 

Natural Background (UNSCEAR 1977) 
Medical and dental procedures (Swindon et al. 1980) 

0.85 
0.65 TT5U 
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Table 2 

Uranium Miners at Nabarlek 
(Leach et al. 1980) 

Average all personnel 
Average miners only 

Drillers Assistants (high dose) 
Ore Spotters (high dose) 
Geologist (high dose) 
Metallurgist (high dose) 

Dose for the mining Dose Extrapolated 
period (41/2 months) to an annual dose 

mGy mGy 

0.85 2.27 
2.30 6.13 

9.63 21.40 
7.17 19.12 
5.55 14.80 
4.75 12.66 

THE URANIUM DECAY CHAIN AND SECULAR EQUILIBRIUM 
The emission of gamma rays from uranium ore arises predominantly from the 

decay uranium-238 through its daughters to lead-206. Table 3 shows the decay 
chain for uranium-238 which consists of 8 alpha particle decays and 6 beta 
particle decays. Most of the daughters have fairly short half lives with the 
exception of 234 y (2.5xl05y), 230jh I8xlu4y), 2 2 6 R 3 (I602y) and 
possibly 210pb (21y). All the rest of the daughters have half lives less 
than one year. The only gamma rays that make any significant contribution to 
the exposure in a mine come from that part of the decay chain below 2 2 6 R a 
which is shown in table 4. Small contributions come from the 190 keV ?-ray 
from radon-222 and the three y-rays at around 300 keV from the decay of 
2 1 4 P b . Well over 90°/o of the gamma ray field, however, is generated from 
the decay of bismuth-214. The abundant gamma rays from this decay span the 
energy range from 0.6 MeV to 2.5 MeV. These energetic gamma rays are highly 
penetrating and have a minimum mean free path in soil of about 5cm or 2 
inches. Their mean free path in air is of the order 100 metres. 

In order to make calculations of the gamma ray field we need to know not 
only which gamma rays are contributing but also how much of the isotope which 
leads to them is present. For example if we have a kilogram of uranium ore 
which contains 3°/o uranium-238, what is the activity of bismuth-214 which 
is present? In general the activity of each member of the decay chain at a 
given time is governed by a series of first order simultaneous differential 
equations. Fortunately in most cases dealing with uranium ore we can assume 
that each member of the decay chain is in secular equilibrium with the parent 
uranium-238. This occurs whenever all of the members of the decay chain have 
short half lives compared to that of the original parent and the system has 
been undisturbed for a time longer than the half life of the longest lived 
daughter. The result of secular equilibrium is that the activity of any of 
the isotopes present is the same as that of the initial parent. 

To understand how secular equilibrium comes about consider a system of 
uranium-238 and the first two members of its aecay chain namely thorium-234 
and proactinium-234. The half lives of these are 4.5x109 years, 24 days and 
1.17 minutes respectively. 

U238 (4.5xl09y) — > Th234 (24 days) — > Pa?34 (I.l7m1ns) — > 
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Table 3. Decay chain for U. 
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Table 4. Decay chain of U from Ra to °Pb. 
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At first we have pure uranium-238. Over a period of time comparable to 

the half life of the thorium-234 very little uranium-238 is used up and 
therefore the production of thorium can be considered to occur at a constant 
rate. As the amount of thorium-234 increases, the decay rate of thorium-234 
to proactinium will also increase. The decay rate of thorium-234 will in fact 
increase until it is equal to its production rate which in turn is equal to 
the decay rate of uranium-238. After the thorium-234 has reached equilibrium 
it will be decaying at a constant rate and this will lead to a buildup of 
proactinium-234 until its rate of decay is equal to its production rate. 
Therefore at equilibrium the decay rate of proactinium-234 will be equal to 
that of thorium-234 which has been shown to be equal to the decay rate of 
uranium-238. A similar argument can be used for all the other members of the 
decay chain. 

A consequence of secular equilibrium is that in most cases with uranium 
ore, if we have a curie of uranium we will also have a curie of each ana every 
member of the decay chain. Detailed calculations of the activity (Sp,) of 
uranium-238 per unit mass of the ore are made in A.R.L. report 14 (Thomson and 
Wilson, 1980). The results of these calculations are 

Sm = 2.83x10-6 milli-curie/gm per °/o ore grade 
where percentage ore grade means the percent by mass of u^Og present or 
alternatively, 

^ = 3.34x10-6 milli-curie/gm per °/o Uranium-238 by mass 
These quantities are constant for all ore and are the same for each isotope 
providing secular equilibrium is established. 
DIFFERENCE BETWEEN ORE BODIES AND A POINT 1S0TK0PIC SOUkCE 

Consider a point at a distance r cm from a point isotropic source of 
activity S milli-curies which emits gamma rays of energy fc. The exposure rate 
at this point will be given by the inverse square law as 

I = P S Roentgen/hr 

where P is the specific exposure factor for gamma rays of energy E in units 
of R-crri2 hr -* mCi -*. Values of P can be lookeo up directly in the 
Radiological Health Handbook (1970) or worked out from the energy absorption 
co-efficient for air at the gamma ray energy E. 

There are three factors which make the calculation for ore bodies more 
complicated than the above expression. First, the ore body is not a point 
source and any method of calculation must either explicitly or implicitly 
integrate over all the source material. Second, the path between the source 
particle and the point of interest contains matter which will attenuate the 
emitted gamma rays. Thirdly, some of the gamma rays "'ill scatter rather than 
be absorbed and the scattered gamma rays will make a contribution at the point 
of interest. 

The first two of these complications involves the integration of the 
contribution of small volume element over the whole of the source body. The 
exposure rate at a point outside the body may be written as 

I - f fsv e " p w civ 
Y J 2 

vo1ume r 
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where Sv is the source activity per unit volume, r is the distance of the 
volume element dV and the point of interest, u is the linear attenuation 
coefficient of the source material and w is the distance from the volume 
element dV to the boundary of the source along the direction r. 

For simple bodies it is often possible to perform the integration 
analytically and for more complicated ones the integral can always be 
numerically solved by computer. In all but the most simple cases, however, 
the evaluation of this integral is both time consuming and complicated. 

The effect of the scattering has been traditionally handled by introducing 
a constant buildup factor by which the unscattered exposure rate from the 
above integration is multiplied to give an estimate of the total exposure 
rate. Unfortunately the buildup factor is usually chosen for a rather 
arbitrary depth below the surface and does not in general represent the true 
integration of the scattered flux throughout the body. In some more 
sophisticated calculations, computer programs have been used to obtain 
approximate solutions to the Boltzmann transport equation and so obtain 
estimates of the exposure rate at a point outside a volume source. Examples 
of this type of solution can be found in several of the reports by the Health 
and Safety Laboratory at Oak Kidge (O'Brien 1957, Beck et al 1968, Beck et al 
1972). 

CALCULATION OF EXPOSURE RATES ABOVE AN INFINITE ORE BODY 
It is appropriate at this point to consider the special case of an 

infinitely thick infinite plane of uranium bearing ore. It is possible to 
make an estimate of the exposure rate at a point above this plane by 
considering the principle of conservation of energy and without the evaluation 
of any complex integrals. The argument goes as follows. 

Consider an infinite body of uranium ore. The energy absorbed per unit 
mr.ss within this body must be equal to the energy produced per unit mass since 
',o gamma rays escape from the body. In other words if we consider a small 
mass element in the body then we can work out the absorbed dose rate (energy 
deposited per unit mass per unit time) by calculating the gamma rays energy 
released per unit mass and per unit time. The absorbed dose rate in the body 
is therefore given by 

D * - S m 2 A Y EY 

where A y and E Y are the abundances and energies of gamma rays from the 
uranium decay chains and S m is the number of disintegrations per unit mass 
per unit time. (Specific source activity). 

If we now slice the infinite body in half, then half the flux which 
crosses the boundary will come from below and half from above. If the top 
half is replaced by air which contains no source material then the flux 
entering this air will be half that present in an infinite body of uranium. 
The absorbed free air dose rate in the air above this 1/2 space of uranium ore 
is then given by 

Dl/2 space " i/ 2 D - ' l ^ i ^ r ^ • 
Using secular equilibrium S m the number of disintegrations per unit mass and 
time can be evaluated per percent uranium in the ore. (See section 3). hy 

and E~ are readily available in the literature (e.g. Lingeman et al. 1969). 
Substituting the relevant numbers gives a result 

1/2 space « O.U56 mGy (free alr)/hr/°/o uranium by mass 
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Using the fact that 0.0086 Gy/hr in air is equivalent to one Roentgen/hr, 

this gives an exposure rate above the infinite plane of 
ly = 6.6 mR/hr/°/o uranium by mass 

This means that if we have an infinite ore bench whose thickness is 
greater than 50cm ana which contains l°/o uranium by mass than the exposure 
rate above it will be 6.6 milli-Roentgen per hour. This result is only valid 
for distances above the ore body which are much less than one mean free path 
for the gamma rays in air (~ 100m). That is to say it is expected to be 
correct only for heights above the ore of up to about 10 metres. The above 
result intrinsically assumes that the mass energy absorption coefficient for 
air are the same as those for the ore bodies. This assumption is valid for 
most ores and generally leads to an uncertainty of less than 10O/o in the 
exposure rate. 

It is important to note that in the above technique the whole aspect of 
scattering is taken into account by the energy conservation principle. An 
example of further applications of this method for evaluating exposure rates 
is given by O'Brien et al. (1957). 

A METHOD OF CALCULATING THE EXPOSURE RATE FROM ARBITRARILY SHAPED ORE BODIES 
This section presents a summary of the method for calculating exposure 

rates from ore bodies which is given in A.R.L. technical report 14 (Thomson 
and Wilson 1980). The important feature of the method is that it splits the 
problem into two parts, one dealing with the magnitude of the gamma ray 
exposure which would be found from an infinite body, and the other which deals 
with the geometry of arbitrarily shaped 'thick' ore bodies 
(i) Unscattered Flux 

It can be shown quite rigorously that the exposure rate due to the 
unscattered flux from a thick ore body (>50cm) is proportional to the solid 
angle subtended by the body at the point of interest. The solid angle is the 
area that the body would project onto a unit sphere whose centre is at the 
point of interest. The unit of solid angle is the steradian (sr). It is 
shown in the above report that the exposure rate from a monochromatic source 
can be written as 

I = Tsm x (Solid angle subtendea by) R/hr, 
Y n m ( the body ) 

where P is the gamma ray exposure factor (R cm-2 hr _l mCi~l) 
Sm is the activity per unit mass of the source. (mCi gm -l) 
vm is the mass attenuation co-efficient of the ore at the gamma ray 

energy concerned 
This expression enables us to immediately write down the exposure rate 

from the unscattered gamma rays provided we know the solid angle subtended by 
the body. The form of the above expression indicates several general features 
of the unscattered flux 

(a) Because the source activity is expressed in terms of activity per 
unit mass, the resulting exposure rate is independent of the density 
of the ore. 
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(b) The exposure rate above an infinite plane is given as 2 * T Sm 

since the solid angle subtended is 2 w. Thus the 
Mm 

exposure rate in this instance is independent of height above the 
plane. 

(c) Polychromatic sources my be treated by weighting the exposure rate 
at each gamma ray energy by its abundance in the source and summing 
these to produce the total exposure rate. The presence of the mass 
attenuation coefficient (um) in the bottom line of the expression 
for each gamma ray energy means that the lower energy gamma rays 
(large M m) will be preferentially absorbed in the body. The 
resulting energy distribution or spectrum will be weighted in favour 
of the high energy gamma rays. Another way as stating this is that 
the observed spectrum will be harder or more energetic than that from 
a point source. 

(i i) Scattered Flux 
The effect of scattering in the source material can be treated by using an 

appropriate form of buildup coefficient. There are many different types of 
buildup coefficient and a good summary can be found in the Engineering 
Compendium on Radiation Shielding (Jaeger 1968). The most applicable buildup 
coefficient in this case is the exposure buildup factor for a point isotropic 
source in an infinite medium. This buildup factor, B(pr), relates the total 
exposure rate at a distance r from the point source to that due to the 
unscattered flux in the following way. 

ly total • B(jir) x (1^ unscattered flux only) 

For certain analytic approximations to B(nr) the integrals to determine 
the total exposure rate from a thick uniformly distributed volume source are 
solvable (e.g. for an ore body). Two such approximations are 
(a) polynomical expansion 

BUr) - a 0
 + axUr) + a2(yr)2 

(b) Berger form 
B(pr) - 1 + cyre^r 
It is shown in Thomson and Wilson (1980) that using these expressions, the 

total exposure rate from an ore body is given by 

K " Sl" (£n! *n) x Solid angle of body R/hr 
"tn 

if the polynomial form of buildup is used and 
I - Sm T /l + c . ) x Solid angle of body R/hr 
Y ^" I (D-1)2J 

if the Berger form is used. 
These expressions are similar to those for the unscattered flux but have 

additional factors due to the buildup of the scattered flux. A polychromatic 
source material may again be treated by taking a weighted sum of the 
contribution at each gamma ray energy given by the above expressions. 
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Let us now consider an ideal situation in which the following assumptions 

are valid 

(a) The composition of the soil is the same as the average composition of 
the earths crust. 

(b) Good secular equilibrium exists and hence the specific source 
activity S m can be unambiguously evaluated per °/o uranium 
present in the ore. 

(c) The buildup coefficients for ordinary concrete are a good 
approximation to those of the soil. 

(d) The effect of air attenuation between the ore body and the point of 
interest is negligible. 

Under these assumptions the parameters necessary to evaluate the above 
expressions can be obtained fairly uniquely. The specific details of the 
choice of these parameters is described by Thomson and Wilson 11980). 
Substitution of these in the above expressions leads to practically identical 
results for the polynomial and Berger form of buildup The average of these 
gives the exposure rate as 

L = 1.04 x (solid angle of body) mR/hr/o/o uranium by mass. 

This expression yives us a very simple method of evaluating the exposure 
rate at a point providing the solid angle subtended by the body at this point 
is known. Many useful formulae for calculating the solid angle subtended by 
bodies of various shapes together with several worked examples of typical 
mining situations can be found at the rear of the above report. These 
examples illustrate how straightforward it is to make an estimate of the 
exposure rate using this technique. 

The exposure rate above an infinite plane is obtained by using a solid 
angle of 2 ir and this gives a result of 6.5 mR/hr/°/o uranium. This value 
compares favourably with the value of 6.6 mR/hr/°/o uranium which was 
obtained by conservation of energy arguments. Table 5 shows a comparison 
between the above result for an infinite plane and the published results of 
other calculations and measurements. As can be seen the present result falls 
about in the middle of these values. 

Table 5 
Reference Exposure rate per o/ 0 Uranium 

for infinite slab 
mR/hr per °/o U 

Present work 6.5 
H.C. Beck and G. de Planque 

calculation (1968) 6.6 
H.C. beck calculation (1972) 6.2 
J. Swift et al (1976) 8.35 
P.J. Rafferty from a measurement at 

Nabarlek in N.T. (1978) 5.7 
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A word of caution, however, is appropriate at this point. Should any of 

the assumptions listed above prove to be invalid a correction to the ideally 
calculated value must be made. Points to watch are 

(a) Should the soil in which the uranium is distributed contain a 
substantial fraction of high atomic number elements (2 > 30) then the 
ratio of self absorption to density will be greater than for average 
soil. A consequence of this is that for a given °/o uranium the 
external exposure rate will be less. A typical situation where this 
may occur is for very high grade ore where there is a lot of uranium 
in the soil (>5°/o). Figure 1 shows a plot of the exposure rate 
per steradian per o/o uranium as a function of o/o uranium in the 
soil. These values should be used for all ore grades in excess of 
about 5°/o. 

100% OBU. 
Figure 1. Exposure rate factor for uranium ore as a 

function of uranium content. 
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(b) There are many mechanisms by which the secular equilibrium of 

uranium-238 with its daughters may be violated. Since most of the 
gamma rays responsible for the external exposure rate come from 
bismuth-214 particular attention should be paid to any process which 
reduces the activity of this isotope compared to that of 
uranium-238. Table 4 shows that bismuth-214 is a recent great 
grandaughter of radium-226 so that if the activity of radium is 
reduced by ground water leaching, the activity of bismuth will be 
reduced by the same amount. Further, if the fractional reduction of 
radium is known then a good approximation U the external field can 
be obtained by reducing the values calculated as above by this 
fraction. Another way in which the activity of bismuth can be 
reduced is by the emanation of its parent radon-222 from the surface 
ore. The external exposure rate will be reduced in direct proportion 
to the fraction of radon-222 which is released from the top 50cm of 
the ore. In most cases this will be less than 10o/o but in some 
cases where friable soil is concerned this may be as high as 
20°/o. For ore bodies where the loss due to emanation is known to 
be high an appropriate correction should be made when evaluating the 
external exposure rates. 

(c) In situations where the mean distance from the ore to a point of 
interest is greater than about 10 metres, a correction should be made 
for the attenuation due to the air between the ore body and this 
point. Figure 2 shows the reduction in exposure rate due to air 
attenuation as a function of height above an infinite slab of ore. 
In most cases this provides a suitable correction factor for air 
attenuation as a function of distance from the ore body. 

NATURE OF THE GAMMA RAY SPECTRUM 
So far the discussion has been concerned with the calculation of the 

exposure rate from an ore body. Little has been said about the energy 
distribution of the gamma rays. A knowledge of this energy distribution is 
important in the desig.i of protective shields and in the selection of both 
area and personnel monitors. 

There is no straightforward way of calculating the energy spectrum for a 
volume source because of the complex nature of the scattering and multiple 
scattering processes involved. The problem however, has been treated by Beck 
(1972) who uses numerical approximations to the Boltzmann transport equation. 
The spectra resulting from these calculations are shown in figures 3 and 4. 
The former shows the percentage of the total exposure rate for various gamma 
ray energies where as the later shows the percentage of the total number flux 
at various gamma ray energies. 

From the point of view of radiological protection the exposure spectrum is 
more important. The main feature exhibited by this spectrum is the highly 
energetic nature of the emitted gamma rays. Only about 6°/o of the total 
exposure arises from photons with energies below 100 keV and in excess of 
30°/o comes from these with energies above 1 HeV. 
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The high energy nature of the spectrum means that the majority of the 

gamma rays are highly penetrating. In this energy region from about 0.5 MeV 
to 2 MeV approximately 15 cm of concrete or 3 cm of lead would be required to 
reduce the exposure rate to 10°/o of its initial value. These values give 
an idea of the thickness of material that would be required to shield 
personnel from gamma radiation from an ore body. Accurate estimates of the 
exposure rate which is transmitted through a shield may be made by computing 
the transmission at the mid-point of each of the energy groups shown in figure 
3 and summing these in proportion to the contribution of each group to the 
incident exposure rate. The transmission at each energy can be evaluated, for 
thin shields, using simple exponential attenuation. For thick shields (> 2 
mean free paths) it is necessary to multiply the transmission obtained from 
simple exponential attenuation by an appropriate exposure buildup factor so as 
to account for scattering within the shield. 

One of the most important features of the selection of a radiation monitor 
is that its energy response be satisfactorily matched to the energy range of 
the gamma being measurid. In this case the * v should have a fairly flat 
response over the energy region from 100 kew _o Z MeV. The response of the 
monitor to low energy photons is not particularly important and there is 
nothing to be gained by using ones with thin windows. 

Most employees involved in uranium mining require personal dose 
monitoring. In many mining environments the physical and climatic conditions 
are unsuitable for the use of the conventional film badge. Thermoluminescent 
dosimeters offer a viable alternative to film badges. A particularly 
sensitive TLD material which is suitable for use in a mining environment is 
CaS04:Dy. The design of a personnel monitor at A.R.L. which uses this 
material is discussed at length in other chapters of these proceedings. One 
point that is relevant here, however, is the matching of the response of this 
monitor to the spectrum of gamma rays from uranium ore. The response (light 
output) per unit exposure for CaSO^Dy is fairly constant for all energies 
above 100 keV. Below this energy there is an increase in the response per 
unit exposure of anything up to a factor of 10. This enhancement will make 
calibration of a CaSO^Dy monitor impossible unless the spectrum is either 
very accurately known or does not contain any low energy photons. As pointed 
out above only 6°/o of the exposure from uranium ore comes from gamma rays 
below 100 keV. It has therefore been possible to use a copper filter in the 
badge to remove this low energy component almost entirely, when appropriately 
calibrated this filtered TLD badge will therefore yield a reliable estimate of 
the exposure from uranium ore. 
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Chapter 5. The Measurement of Alpha, beta and Gamma Radiations. 

Peter A. Burns 
Australian Radiation Laboratory 

Abstract. Detection methods for nuclear radiations are based on the 
processes of excitation and ionization of atoms in the detection medium by the 
passage of a charged particle. The incident radiation may be a charged 
particle or may cause the release of a charged particle after some primary 
interaction. Detectors are usually of two types, those which produce a charge 
pulse following ionization of the medium and those which produce a burst of 
light photons which are then detected by a photomultiplier tube, by 
processing the electronic signals produced in suitable ways either the count 
rate of the source, the activity, or the dose equivalent to a person may be 
determined. In order to make these determinations it is necessary to 
understand the type of nuclear transformation of the radionuclide in question, 
the type and energy of the radiation being emitted and the processes involved 
when these radiations pass through the medium of the detector. Suitable 
choice of detectors and extrapolation from measured data to the quantity which 
is to be determined can then be made. 

TYPES OF RADIOACTIVE DECAY 
Alpha decay is the de-excitation of a radionuclide by the emission of two 

protons and two neutrons (a helium nucleus) from the nucleus. There is 
usually a small amount of residual energy which is emitted as a gamma ray or 
as is more often the case, by internal conversion, as an internal conversion 
electron plus an X-ray or Auger electron from the daughter nuclide. 

Beta decay is the de-excitation of a radionuclide by the emission of an 
electron or positron and a neutrino from the nucleus. The de-excitation 
energy is shared between the electron and the neutrino in a way which is 
dependent on the atomic number and the energy of de-excitation. The daughter 
nucleus may be left in an excited state which will result either in the 
emission of a gamma ray or internal conversion may take place resulting in 
emission of an internal conversion electron plus an X-ray or Auger electron. 

Electron capture occurs when an inner shell electron is captured by a 
nucleus. The new nucleus may be in an excited state and subsequently emit a 
gamma ray or through internal conversion an internal conversion electron plus 
an X-ray or Auger electron. 
RADIATIONS EMITTED 

As a result of these decay processes we are therefore likely to observe 
the following types of radiation following nuclear transformation. The energy 
of the radiations likely to be encountered when measuring heavier atomic 
number materials are as follows. 

Alpha particles: Monoenergetic helium nuclei! with energies in the range 
3.5 to 9 MeV. 
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Beta particles: Electrons with a distribution of energies up to a maximum 

energy. The remaining energy for a particular transition is carried off by a 
neutrino. The range of energies encountered and measurable will be from 2 keV 
to 3500 keV. 

Gamma rays: Honoenergetic photons with a range of interest from 10 keV to 
2 MeV. 

Internal Conversion Electrons: Honoenergetic electrons with an energy 
equal to that of the gamma ray converted, less the binding energy of the 
electron. Only conversions from the K shell and L shell are of interest. 

X-rays: Honoenergetic photons resulting from the filling of a K shell or 
L shell vacancy which has been emptied as a result of either internal 
conversion or electron capture. 

Auger electrons: Honoenergetic electrons resulting from a vacancy in the 
K-shell or L-shell whereby the excess energy results in the emission of an 
electron with an energy equal to the L-shell or K-shell binding energy. 
THE PASSAGE OF RADIATION THROUGH MATTER 

Alpha particles Alpha particles loose energy by ionization and 
excitation of electrons of the absorber atom as a result of interactions with 
the electromagnetic field of the alpha particle. For alpha particles with an 
energy of several MeV the predominant mechanism for energy loss is by 
collision with outer shell electrons (i.e. ones with low binding energies). 
The absorber therefore appears as a cloud of electrons and the higher the 
atomic number of the material and the denser the material the denser the 
electron cloud. 

If the alpha particle has a mass M and energy E a and collides with an 
electron of mass m, then the maximum energy an electron may acquire is, by 
classical mechanics. 

W max = (4 mM/(m+M)2)Ea 

As M is much greater than m the following approximation applies 
W max = 4m£ a/M 

For alpha particles with an energy of several MeV the maximum energy loss 
is approximately 2 keV (Dearnaley and Northrop 1966). 

As the binding energy of the electron is much less than this it is 
justifiable to consider the collisions as occuring with free electrons. At 
each collision, an alpha particle loses approximately one thousandth of its 
energy so that deflections from a straight-line path are small. The range in 
a particular material is determined by a large number of collisions and is 
therefore well defined. 

As can be seen from the above, alpha particles will loose small amounts of 
energy as they move in straight lines with only small deviations through the 
source material, the material between the source and detector (unless the 
source is in a vacuum) and finally in the detector itself. 5 MeV alpha 
particles will travel less than 30 microns in silicon (Marion 1960). 

Electrons 
Electron with energies less than 10 MeV loose energy mainly by excitation 

and ionization of the electron in the absorber. However as both electrons 
have the same mass, a large proportion of the energy of the incident electron 
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may be transferred and scattering will take place. Because of this 
straggling, the range of an electron In a particular material Is less well 
defined than the range of an alpha particle. 

Photons 
Gamma rays and X-rays Interact with matter In the same way, and only 

differ In their method of production. For the range of energies of Interest, 
namely 10 keV to 2MeV, three types of Interactions are Important. The first 
effect, which predominates at lower energies Is the photoelectric effect. 
This occurs when a photon Interacts with an electron from an Inner orbit. The 
electron Is ejected with an energy equal to that of the photon minus Its 
binding energy. 

Ep = E T - E b 

Subsequently an X-ray will be emitted by the excited atom. 
When the photon energy becomes much larger than the binding energy of the 

K shell electrons, Compton scattering becomes the dominant process by which 
energy Is lost. Compton scattering may be considered as an elastic collision 
between a photon and an atomic electron In which the electron binding energy 
Is very small compared with the photon energy. The energy Is shared between 
the scattered photon and the recoiling electron. 

At photon energies above 1.02 MeV, pair production Is possible, whereby 
the photon disappears and an electron-position pair Is created with total 
kinetic energy equal to the photon energy less the rest mass energy of the two 
particles. Subsequently annihilation of the positron yields two 511 keV 
photons. 

In each of these processes, photon are removed from a narrow beam by a 
single Interaction process, unlike the case of the slowing down of alpha or 
beta particles. The number of photon absorbed In a thickness tix of absorber 
is therefore proportional to dx and to the Intensity of the beam at that 
point, i.e. 

I = Io ew x 

where Io is the original intensity, x is the thickness of absorber, u is the 
attenuation coefficient and I is the intensity of the emergent beam. An 
approximate relationship for the photoelectric absorption coefficient is 

>«x = 1 0 " 3 3 NZ5 E" 3-5 cm-1 
Thus M increases rapidly with the atomic number (Z) of the absorber and 
decreases rapidly with the energy of the incident photon, E (Heitler 
1944). N is the number of atoms. 

When a photon of energy E collides with an atomic electron and 
undergoes Compton scattering, the energy of the scattered photon E may be 
expressed as follows: 

E Y = E Y / U • [1 - cos ftj E Y/mc2) 
where 0 is the angle between the direction of the scattered photon and its 
original direction of motion. 

When the scattered angle is 180°, ly has its minimum value. This is 
commonly called the "back scatter" condition and corresponds to a maximum 
energy transfer to the absorber atom. 

Compared to the photoelectric effect and the Compton effect the 
probability of pair production is small in the energy region from 1.02 MeV to 
2 MeV; it does not occur below 1.02 MeV. 
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Neutrons 

When neutrons pass through matter they have essentially no interaction 
with electrons. The absorption of neutrons can only occur when nuclear 
reactions occur in the absorber. The type of reaction which takes place 
varies from one absorber to another and with the energy of the neutron. The 
processes which may occur are the following: 

(1) Scattering due to a collision with a nucleus with the transfer 
of kinetic energy. An important example of this type of 
collision is with hydrogen nuclei (protons), where because the 
masses are essentially equal, large amounts of energy may be 
transferred. The target nucleus may be left in an excited state 
and subsequently emit a gamma ray. 

(2) The neutrons may be captured by the nucleus which is then in an 
excited state. The excitation energy is usually released by 
gamma-ray emission. 

(3) If the excitation energy of the compound nucleus is sufficient, 
charged particles may be emitted. In some cases fission of the 
compound nucleus may occur. 

The detection of neutrons relies on the excitation and ionization of 
atomic electrons produced by charged particles which result from the primary 
interaction process. Neutrons are therefore removed from the incident beam by 
a single interaction process and the absorber has a characteristic neutron 
capture cross-section. 

Ionization by Charged Particles 
Alpha particles, beta particles and the electrons released by primary 

interactions with photons lose their energy, when travelling through matter, 
to the atomic electrons of the absorber. Most of the electrons are ejected 
with a kinetic energy smaller than the ionization potential, I. For a given 
medium there is a parameter W, the mean energy per ion or electron produced, 
which is relatively independent of particle type and energy. Some values for 
electrons for common detector materials are as follows (Fulbright 1958). 

Air 34.2 eV 
Argon 26.3 eV 
Methane 28.1 eV 
Silicon 3.8 eV 
Germanium 2.9 eV 

The values are greater than the mean ionization potential for the medium as 
the energy is divided between excitation of atoms (without ionization) and 
emission of electrons. The number of ionization events produced relates to 
the initial energy of the charged particle and there will be a statistical 
fluctuation in this number which will be related to the mean energy required 
to produce an ion pair. For detectors using materials such as siliori or 
germanium there will be approximately ten times as many 4on pairs produced 
than for detectors such as ionization chambers filled with argon or Nal(Tl) 
crystals. The energy resolution of these detectors is better because of the 
smaller statistical fluctuations in the number of ion pairs. 
METHODS OF DETECTION 

Detection methods for nuclear radiation are based on the processes of 
ionization and excitation of atoms in the detection medium by the passage of a 
charged particle. If the incident radiation is not a charged particle there 
must first be an interaction of the type described above in which a charged 
particle is produced. That is, alpha and beta particles ionize the detection 
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medium directly whereas neutral particles or electromagnetic radiations 
interact in the detection medium or in a converter near the detector to 
produce a charged particle. Many methods exist by which ions, electrons or 
excited atoms can be detected and these have been adapted to solid, liquid or 
gaseous systems, both with and without an applied electric field. Many 
gaseous or solid detectors exist where the charged particles liberated by 
ionization are collected by electrodes under an applied electric field. In 
another important type of detector, excitation of atoms in liquid or solid 
detection media results in the emission of light photons which are detected by 
the cathode of a photomultiplier tube. 

(a) Gaseous Ionization Detectors 
The gaseous ionization chamber is one with a gaseous detection medium 

between two electrodes, when an electric field is applied, electrons and ions 
produced by radiation are collected, and give an electrical pulse which may be 
amplified and measured. Usually the chamber containing the gas is the cathode 
and is held at earth potential and the anode is a wire running through the gas 
and is held at some positive high voltage. 

Approximately 1 0 - 7 seconds after the passage of a charged particle the 
gas will contain ions and electrons with energies which have been reduced by 
collision to below 10 eV (Uearnaley and Northrop 1966). These begin to drift 
towards the electrodes at a rate dependent upon the electric field. Electron 
mobilities are a thousand times greater than those of ions, giving rise to 
shorter collection times. Recombination occurs when electrons collide with 
positive ions and recombine. The rise time of the voltage pulse produced has 
two components due to the collection of electrons and ions respectively. The 
relative magnitudes of the fast and slow components of the pulse depends on 
the relative distance of the two electrodes from the path of the ionizing 
particle. With a wire anode the potential drop is concentrated near the anode 
and the major component of the pulse is due to fast collection of electrons. 

If the voltage between the electrodes is increased the electrons 
travelling towards the anode acquire sufficient energy to cause secondary 
ionization thereby multiplying the number of electron-ion pairs available for 
collection. The number of electrons and therefore the voltage pulse will 
still be proportional to the energy of the incident raoiation but the signal 
may now be 10^ times larger. Such a chamber is called a proportional 
chamber. The output pulse rises to half amplitude in about 10 - t > seconds, 
during which time the electrons are collected. The slow component of the 
pulse, corresponding to ion collection, takes much longer and the pulses are 
usually clipped short by an appropriate coupling time constant in the 
amplifier circuit. The counter requires a time of about 100 microseconds to 
recover completely after a pulse, as the slowly moving ion cloud modifies the 
collecting field for this period. 

As the potential of the anode is raised further saturation of the chamber 
takes place and proportionality between the energy of the incident radiation 
and the number of ion pairs created no longer exists. Eventually the chamber 
becomes fully saturated and the output is independent of the energy or type of 
the incident radiation. The counter is then said to be operating in the 
Geiger region. The recovery time is of the order of 100 psec and the rise 
time of the output pulse is approximately one microsecond. 
(b) Scintillation Detectors 

The scintillation detector relies on excitation of atoms in the detecting 
medium rather than on ionization. The excited atoms emit light photons which 
can then be detected by the cathode of a photomultiplier tube. The electron 
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released at the photocathode is multiplied at each stage of the tube resulting 
in a large current pulse at the anode. The detecting medium may be solid, 
liquid or gaseous, the solid being the most common type. Solid scintillation 
counters have high electron densities and high efficiencies for gamma rays in 
a relative small volume. This type of detector is also capable of relatively 
good energy response. Liquid scintillation systems are commonly used for 
alpha and beta particles with high efficiency where resolution is not 
critically important. 

The luminescent emission in the detection medium occurs when an electron 
in an excited state returns almost immediately (within lO^s.) to a lower 
energy state either directly or via an intermediate state. This type of 
luminescence is called fluorescence. If while in the intermediate or 
metastable state the electron is raised back to its initial excited state by 
gaining thermal energy it may subsequently (after times longer than around 
10-8s.) reach the ground state by emission of radiation. This delayed 
emission is called phosphorescence and is temperature dependent. For a 
material to be a good scintillator the time lag between the fluorescent decay 
and the phosphorescent decay must be small. The scintillator material must 
also be transparent to its own luminescent radiation and the spectral 
distribution of this luminescent radiation must be matched to the response of 
the photocathode of the photomultiplier tube. 

Several organic materials have been used to detect nuclear radiation. 
Aromatic hydrocarbons with linked benzene-ring structures, such as anthracene, 
stilbene and napthalene in pure crystal form are the most common. The 
fluorescent decay in organic scintillators is very fast; in anthracene for 
example the fluorescent lifetime is approximately 3.5 x 1 0 - 9 sec (birks 
1954). Organic scintillators are not very dense and therefore not very 
efficient for energetic gamma rays. Apart from organic crystals, a range of 
plastic scintillators are also available in various forms ranging from the 
sheets 125 microns thick to thick blocks. These materials also have fast 
fluorescence life times of generally less than 5 nanoseconds. 

Inorganic crystals suitable as scintillators are primarily the alkali 
halides and their efficiency is improved by the addition small quantities of 
suitable impurities known as activators. Excited electrons migrate through 
the crystal until they encounter an impurity atom with a high probability of 
excitation which subsequently decays by emission of radiation. The 
fluorescent radiation is generally too low in energy to excite electrons in 
the host lattice of the scintillator so that the crystal is transparent to 
it. The activator may be chosen to give the emission spectrum most suited to 
the photomultiplier response curve. Common activators are thallium in alkali 
hadides such as sodium iodide and silver in zinc sulphide, with concentrations 
of the order of 0.1 per cent, which correspond to activator sites at intervals 
of about ten lattice spacings. In general, inorganic scintillators are denser 
and contain materials with higher atomic numbers than organic scintillators 
and are consequently more efficient at converting particle energy into light 
energy. However the decay time of the fluorescence is much longer. In 
thallium activated sodium iodide (Nal(Tl)) the characteristic fluorescence 
life time is 0.J5 microseconds. 

Liquid scintillators are commonly used, where for example the radionucliae 
to be measured and the detecting material are mixed together in a vial. This 
technique is commonly used to measure alpha and beta particles and can result 
in high efficiencies because of the geometric relationship between sample and 
detector. A sample prepared for liquid scintillation counting includes at 
least three components namely the material being counted, a solvent and a 
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scintillator. Often the physical or chemical nature of the sample, rather 
than the radionuclide in question, determines the solvents and additives used 
in sample preparation. A good scintillator should be sufficiently soluble at 
the working temperature of the system and should be chemically stable for a 
reasonable period of time. Under ideal conditions a good scintillator emits 
about 7 photons per keV of beta ray energy absorbed in the scintillator 
(kapkin 1967). Therefore a low energy beta emitter such as tritium (Eg = 18 
keV) produces less than 130 photons per event. 

A commonly used liquid scintillator is 2, 5 - diphenyloxazole (PPG) which 
has a maximum in its fluorescence spectrum at 380 nanometers. Greater 
efficiency can be obtained when counting low energy beta emitters by using a 
secondary scintillator to absorb photons emitted at a shorter wavelength and 
re-emit them at a longer wavelength. If quartz window photomuItipliers are 
available, optimum performance will be achieved in the absence of secondary 
scintillators. One of the most important secondary scintillators is 
l,4-bis-2-(5- phenyloxazole)-benzene (POPOP). 

The optimum scintillator concentration for a particular solvent may be 
determined by plotting count rate against scintillator concentration. At some 
point the count rate will reach a plateau and it is usual to operate well past 
this point. However too much scintillator interferes with the overall 
fluorescence process, with a consequent reduction in the count rate. 

A good solvent must transfer energy efficiently from the point of an alpha 
or beta particle emission to a scintillator molecule. The solvent must also 
be transparent to the photons emitted, must not freeze at the working 
temperature and must be able to dissolve the sample by itself or with the help 
of a solubilizing agent. Toluene is the most commonly used solvent and 
typically 5 grams of PPO would be dissolved in one litre of solution. Sample 
solubility is a problem with toluene and leads to the use of other solvents 
such dioxane or the addition of solubilizing agents. 

Quenching in liquid scintillation applies to any process which interferes 
with the performance of the liquid scintillation counting solution. Colour 
quenching occurs from absorbance of coloured materials in solution, while 
chemical quenching involves interference with the transfer of energy between 
the site of an event and a molecule of the scintillator. The most common 
quenching agent is dissolved oxygen. Quenching is evidenced by a shift in the 
observed spectrum to lower energies. 

The efficiency and resolution of scintillation counters are determined by 
several factors. There are five consecutive processes involved in the 
operation of a scintillation counter and the statistical fluctuation in each 
of these affect the overall energy resolution of the system. These processes 
are: 

(a) Excitation and ionization along the track of the nuclear radiation. 
(b) Conversion of energy of excitation into light energy by the process 

of fluorescence. 
(c) Transfer of the light through the scintillator material and on to the 

cathode of the photomultip1.ier tube. 
(d) Absorption of light at the photocathode with emission of 

photoelectrons. 
(e) Electron multiplication at successive dynodes of the photomultiplier. 



69 
A beta particle in sodium iodide looses 30 to 50 eV for each detectable 

photon produced, which represents a conversion efficiency from kinetic energy 
to light energy of about ten per cent. Other scintillators are less 
efficient. However at best one photoelectron is released from the 
photocathode of the photomultiplier for each 300 eV of energy dissipated in a 
crystal of Nal(Tl), while in organic scintillators the total energy 
dissipation is between 1 and 5 keV per photelectron. Thus it is more 
efficient to collect electrons liberated by ionization in an ionization 
detector than to collect light from an excitation process and then use a 
photomultiplier tube to give a flux of electrons at a photocathode. 

The energy resolution of a scintillation counter for charged particles is 
determined principally by the fluctuation in the number of electrons produced 
at the photomultiplier cathode. For monoenergetic particles of about 5 MeV 
energy this sets an optimum of the full width at half maximum of the spectrum 
of nearly 150 keV, or 3 per cent, with an alkali halide phosphor. For gamma 
rays the resolution is worse because of the additional processes involved in 
transferring the energy of the gamma photon to charged particles. For a 
Nal(Tl) crystal the intrisic energy resolution is 6.6 per cent for gamma rays 
of energy 660 keV (Kelly et al. 1956). 
(c) Solid State Detectors 

Solid state counters are ionization chambers in which the charges released 
during the absorption of radiation constitute the signal in the same way as in 
gaseous ionization chambers. Semiconducting solids have a number of 
advantages over gaseous ionization chambers. Firstly their greater density 
and stopping power means that there is complete absorption of energetic beta 
particles and photons. Radiations which may travel several meters in air can 
be completely absorbed in millimeters in a semiconductor. Because the average 
energy needed to produce an ion-pair is low, e.g. 3.6 eV for silicon compared 
to 30 eV for gases and 300 eV for a scintillator-photomultiplier combination, 
the accuracy with which the total energy can be measured is greater than for 
other types of detectors. The available signal is therefore about eight times 
as large in silicon as in the other counters and the statistical fluctuations 
expressed as a percentage of the signal will be reduced by a factor of at 
least the square root of eight. 

The use of semiconductor detectors introduces difficulties which must be 
overcome before the performance of solid state counters can be fully 
realized. The crystal lattice in a solid detector has a finite electrical 
conductivity so that any field applied to the detector causes a standing 
current through the detector. The size of this current must be kept small so 
that the level of noise generated is low and there is no interference with the 
collection of charge. A useful semiconductor material is one which has few 
free charge carriers and few trapping centres to delay or remove charge 
carriers from the signal. These criteria tend to be contradictory as 
materials with sufficiently low conductivities to have small standing currents 
tend to contain most traps. An additional problem is that of crystal 
uniformity. Unless a crystal is uniform as regards most of its basic 
semiconductor properties it is unlikely to act in an ideal way. A homogeneous 
counter has great advantages of flexibility and simplicity. The properties 
required by a good counter are summarized below: 

(1) Low carrier density to minimize current noise. 
(2) Freedom from traps to minimize loss of signal and various slow 

effects. 
(3) High carrier mobilities for short pulse rise times. 
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(4) A low value for mean energy per ion pair. 
(5) High atomic number for good stopping power. 
(6) Long carrier lifetimes to allow efficient charge collection. 
Some of these requirements are contradictory, for example (4) and (1) as 

(4) requires the energy gap between the valence band and the conduction band 
to be low, whereas (1) implies the opposite. This problem can be overcome by 
cooling the detector to reduce the free carrier density without increasing the 
energy gap. Long carrier lifetimes and freedom from traps imply a material 
where lattice defects and impurity concentrations have been reduced to a vtry 
low level. Silicon and germanium are the only materials in this category 
which are suitable in other respects for counters, and even these are not 
ideal as regards the requirements of low carrier density and high atomic 
number. 

In order to apply an electric field to the detector it is desirable for 
electrodes to make contact with the semiconductor material in such a way that 
charge can be introduced or withdrawn without modifying the charge carrier 
concentrations anywhere in the counter. An ohmic contact necessarily involves 
a transition region between the metal electrodes and the high resistivity 
semiconductor whose function is to regulate the rate of movement of charge to 
maintain thermal equilibrium in the bulk semiconductor. The density of charge 
carriers must increase y/ery substantially in passing from the semiconductor 
into the metal. A way of achieving this is by diffusing an impurity into the 
semiconductor through the electrode faces so that near the electrode the 
material has shorter lifetime and much higher carrier densities than in the 
bulk material. A second method is to alloy the impurity and recrystallize the 
material to obtain a graduated impurity concentration, but this method is more 
difficult to control than diffusion. A third method is to evaporate or 
electroplate a metal onto the surface of the semiconductor relying on surface 
states to form a surface barrier. 

Most practical semiconductor detectors are rectifying junctions. The 
semiconductor rectifier is formed by creating an n-type and a p-type region in 
a semiconductor crystal. Some of the most commonly used semiconductor 
junction counters are now described. 

The most common type of diffused junction oetector is made by diffusing 
phosphorous into p-type silicon to create a thin n-type region. A thick ohmic 
contact is made on the other side of the detector by diffusing aluminium to 
give a heavily dopea p-type layer. 

Most commercial available surface barrier detectors vrt made from n-type 
silicon where the surface is allowed to oxidise giving an inversion layer with 
properties very like a p-type layer. Because the oxidation occurs at room 
temperature the rectifier is made without the heating which causes 
deterioration of the carrier lifetime (unlike the diffused junction 
detector). The oxidised layer is then covered with gold by evaporation to 
form a thin rectifying contact. A thick layer of evaporated aluminium is used 
to form an ohmic contact to the base of the rectifier. 

To produce a lithium drifted junction detector a slice of p-type silicon 
between 1 mm and 10 mm with a resistivity in the range 1000 to 2000 ohm is 
diffused with lithium to produce a thicker detector than is possible with 
phosphorous diffused junction detectors. Lithium drifting in germanium is 
also possible and because of the higher atomic number of germanium the cross 
sections for photoelectric absorption of gamma rays are high enough to make a 
useful detector. 
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Diffused junction detectors are available in planar for* in thicknesses up 

to 1 as and are used in many health physics applications where robustness is 
•ore important than resolution. Surface barrier detectors offer better 
resolution than diffused junction detectors and can be obtained in thicknesses 
up to 2 am; however they are a w e easily damaged. Lithium drifted detectors 
are available in planar form of greater than 10 aa in thickness or in coaxial 
for* where an annular ring of 1 ithiua drifted germanium encloses a p-type 
core. In the co-axial for* a cylindrical detector of germanium up to 6 ca in 
diameter and 6 cm long aay be constructed. Such a device is about 30°/o 
efficient when compared to a 7.S cm by 7.5 ca Nal(Tl) detector for cobalt-60 
gamma rays froa a point source at 25 ca. 
SIGNAL PROCESSUS FOR COUNT I»6 

All the above devices ultiaately produce a charge pulse at their output, 
in the for* of a pulse of electrons at the detector anode. This pulse aust be 
taken, shaped and amplified through various conditioning electronic circuitry 
in order to be recorded in the counting device. If the anode is biased at 
soae positive high voltage then the charge pulse usually first passes through 
a series capacitor known as a decoupling capacitor to eliminate the b.C. 
potential. The charge may then be collected on a capacitor in parallel with a 
resistor to for* a pulse whose size in volts is proportional to the charge of 
the incident pulse. The tiae constant of the RC network aust be auch longer 
than the rise tiae of the charge pulse so that the output pulses will have a 
sharp rise tiae with long tails and reseable a sawtooth pattern. By 
conditioning these signals through integrating and differentiating circuits 
with appropriate tiae constants, discrimination is obtained so that only the 
fast rising edge of the input pulse causes an output pulse. The amplifiers 
producing these pulses have variable gain so that a sufficiently large output 
pulse can be obtained. The output pulses art usually near Gaussian in shape 
and the height of the pulse is proportional to the height of the fast rising 
edge of the input pulse. A second output is often provided on most amplifiers 
where the unipolar pulse with a near Gaussian shape is differentiated again to 
produce a bipolar pulse which crosses the base line in the Middle of the 
pulse. The unipolar pulse is used when the energy of the incident radiation 
is the most important criteria whereas the bipolar pulse is used when the time 
the radiation is detected is most important, such as in coincidence counting. 
The crossover point of the bipolar pulse is less dependent on the amplitude of 
the pulse, as far as time walk of the pulse is concerned, than a unipolar 
pulse, as it represents the time when maximum charge collection occurred. 

Output pulses froa the amplifier may then be counted through a single 
channel analyser if limited energy resolution or noise discrimination is 
required or through a high resolution anologue to digital converter into a 
aulti channel analyser when the ultimate in energy resolution is required. 
MEASUREMENTS OF COURT KATE - PRACTICAL COwSlGEKATIUhS 

Alpha Particles 
Source preparation is the most important consideration when a sample is to 

be counted for alpha particles. In order to obtain resolution when measuring 
alpha particles not only must the resolution of the detector be adequate but 
any material which might lead to self absorption within the source and to 
absorption between the source and the detector must be eliminated. Extremely 
thin sources counted in a vacuum will yield the ultimate in resolution. In 
most situations when it is necessary to differentiate alpha particles from 
different nuclides the ultimate in resolution is not required and a resolution 
of 50 to 100 keV F.M.H.H. should be adequate. If the nuclide to be counted is 
known, resolution of alpha particle energies may not be necessary and counting 
efficiency may be the most important criteria. 
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The -'Mterial to be counted may be airborne particulate matter, in liquid 

form or in solid form. Airborne particles are usually collected on a filter 
paper and may then be counted directly. Some loss of resolution will result 
because of absorption in the filter paper, but in most situations this will 
not be sufficient to prevent the identification of various nuclides if a good 
quality resolution surface barrier or diffused junction detector is used and 
the samples are counted in a vacuum. If greater efficiency is required larger 
area detectors may be used but a loss of resolution will result. 

Csl or CaF£ crystals coupled to PM tubes could be used for such 
measurements with resolutions of only several hundred keV but with high 
efficiency due to the relatively large area detectors which can be obtained. 
Plastic scintillators may be used in place of Csl crystals at the expense of 
resolution but with a large saving in cost. 

Liquid and solid samples will usually require chemical treatment so that a 
precipitate or filtrate can be obtained for counting. Counting the samples is 
then similar to that mentioned above for air filters. Another possibility is 
that after the initial chemical treatment the radioactive solution is 
dissolved in a liquid scintillation solution. Liquid scintillation counters 
can produce resolutions of several hundred keV for alpha particles but their 
greatest advantage comes from having nearly lOOO/o counting geometry. In 
addition, good discrimination against background can be achieved in liquid 
scintillation counting systems yielding good overall system sensitivity. 

The sensitivity is determined by the efficiency of the counting system and 
by the background noise level above which any real counts must be seen. 
Discrimination against background may be achieved by several means. Increased 
resolution at the expense of some efficiency may so reduce the background 
count rate in the region of interest that the overall sensitivity increases. 
In liquid scintillation systems discrimination against background may be 
achieved by using two PM tubes to view the vial containing the solution and 
recording only those events which are detected by both tubes. 

Beta Particles 
Beta particles may also be counted by liquid scintillation and for low 

energy beta particles this is ofUn the most practical method. More energetic 
beta particles may be able to penetrate the window of an ionization or 
proportional chamber and be counted efficiently by such detectors. Energy 
resolution is not a consideration with beta particles as they are not 
moncenergeiic and discrimination on the basis of energy is virtually 
impossible. Liquid scintillators enable discrimination to be made between 
alpha and beta particles because of the different rise times of the pulses 
produced, with alpha particles having a slower rise time. However 
discrimination on the basis of energy is more difficult as 5 MeV alpha 
particles will not produce pulses ten times bigger than 0.5 MeV beta particles 
due to saturation along the alpha particle track. The criteria for a good 
beta counter are usually high efficiency and low background. Sample 
preparation is also an important consideration as self absorption within the 
source may significantly effect efficiency. 

v-ftays 
m e counting of samples which emit gamma radiation opens up a much wider 

range of possibilities than for samples which emit either alpha or beta 
particles, yery high resolutions are attainable when measuring gamma or 
X-radiations with solid state detectors and measurements with poorer 
resolution but higher efficiency are possible with Nal(Tl) crystals. It 
should not be assumed that by using z high resolution detector on a 
monoenergetic source that the resulting spectrum will have a single P'.jak on a 
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flat background, as several effects may occur which will lead to the 
absorption in the detector of energy from sources other than that of the 
monoenergetic photon. Most of these effects have been given specific names, 
e.g. 

The Backscatter Peak is aue to Compton scattering outside the detector and 
the subsequent detection of the scattered photon. 

The Compton Edge is due to Compton scattering inside the detector and the 
subsequent escape from the detector of the scattered photon. 

The Escape Peak is due to the photoelectric absorption of the photon and 
the subsequent escape of the characteristic X-ray of the detector. 

Characteristic X-rays of tne daughter nuclide may be present if the 
radionuclide decays by electron capture or if internal converison of the gamma 
photon occurs. 

Characteristic X-rays of the shielding material will be present due to 
photoelectric absorption of the gamma photon in the shielding and subsequent 
detection of the emitted X-ray. 

Sum peaks occur, particularly in efficient detection systems, when two 
photons are detected simultaneously. This may be accidental summing when 
photons originating from different atoms are detected simultaneously. This 
type of summing is dependent on detector efficiency and count rate. Summing 
may also occur when two photons originating from the same atom are detected 
together. The two photons may be an X-ray from an electron capture process 
and a gamma photon or two gamma photons if gamma rays are emitted in cascade 
from the same atom. This type of summing is dependent on detector efficiency 
and independent of count rate. 

In order to assess the count rate due to a gamma photon in a spectrum it 
is necessary to integrate the area under the peak, make due allowance for the 
contribution from the background continuum under the peak and subtract it. If 
a sufficiently large number of points are available it is possible to fit a 
function to the peak shape and to the background so as to ascertain the peak 
area. In most spectral analysis the greatest difficulty lies determining the 
background contribution in order to yield a reproducible peak area. It is 
particularly difficult to devise an automatic peak fitting routine which will 
yield consistent answers in all situations. Other problems arise when trying 
to assign individual areas to peaks which are not resolved by the detector and 
appear as a merged peak. 
THE MEASUREMENT OF DOSE EQUIVALENT 

In many circumstances it is desirable to know the oose equivalent to a 
person from exposure to gamma or beta radiations (alpha particles will not 
penetrate the dead layer of skin). Monitors using detectors of the type 
mentioned previously may be constructed and calibrated so that determination 
of dose equivalent is possible. However, very few monitors are calibrated in 
terms of dose equivalent, and most are calibrated in Urms of exposure or 
absorbed dose. Briefly the differences between these terms are as follows: 

(i) Exposure is defined as the ionization in air in a free air ionization 
chamber and is measured in coulomb per kilogram of air (old 
unit-Roentgen), 

(ii) Absorbed Uose is defined as the energy absorbed per unit mass of 
matter. The absorber may be any sort of material and the units are 
joule per kilogram or Gray (old unit-rad). 
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(iii) Dose Equivalent is defined as the absorbed dose in man with due 

allowance for the relative biological effect of various type of 
radiation which basically arised because of the different linear 
energy transfer function of different types of radiation. The units 
for dose equivalent are the Sievert (old unit-rem) which is one Gray 
multiplied by the appropriate Quality Factor. 

In counting measurements the basic aim is to take the charge pulse output 
from a detector and put it through a network with a reasonabl> fast time 
constant to create a voltage pulse which may then be counted. When measuring 
exposure rate or absorbed dose rate the basic aim is to take the charge pulses 
from the detector and put them through a network with a reasonably long time 
constant to produce a current which gives a continuous reading on a meter. 

Ionization chambers are suitable for measuring exposure rate as the 
ionization produced is proportional to the exposure by definition. The gas in 
the chamber may be air or a gas with similar characteristics and if the 
chamber walls, particularly the front entrance window, are air equivalent 
material the response of the detector will be constant over a wide range of 
photon energies. 

Proportional chambers can be made to work in the same way as ionization 
chambers as the gas amplification taking place in the chamber does not destroy 
the relationship between the initial ionization and the charge collected at 
the anode. The amplication can be used to advantage in building a monitor 
with good sensitivity. 

Geiger tubes no longer maintain the relationship between initial 
ionization and charge collected at the anode as each event produces the same 
charge at the anode regardless of energy. The calibration of such a detector 
is therefore valid over a limited range of energies. This may not necessarily 
present problems and may be outweighed by the fact that monitors with geiger 
tube detectors are usually light, rugged and cheap. 

Scintillators such as Nal(Tl), plastic scintillation or anthracene 
crystals connected to PM tubes may also be used as exposure or absorbed dose 
monitors. The current at the anode of the PM tube will be proportional to the 
number and energy of photons in the detector and the measurement circuitry 
used to measure this current may then be calibrated. The response of such 
detectors to photons of various energies may be constant over a wide range 
depending on detector type and thickness and type of housing material. 
However this should be investigated for each detector. 

Apart from hand held monitors there are several devices for integrating 
total exposure which are designed to be worn by personnel. Some of the more 
common ones are as follows. 

Quartz fiber dosemeters act as a capacitor which is charged up with a 
separate charger. Ionization within the chamber will cause ions to be 
collected, discharging the detector. The amount of discharge is proportional 
to the total exposure whereas most hand held monitors indicate exposure rate 
which then must be interpreted to determine total exposure to personnel. 

As with quartz fiber dosemeters, film integrates total exposure in the 
emulsion of the film. This can later be read by developing the film and 

1 measuring the degree of blackening. The response of film with photon energies 
will depend on the emu^ii^n characteristics and is usually not constant below 
approximately 100 keV. 
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Thermoluminescent dosemeters also integrate total exposure, this time by 

trapping electrons released by excitation into the conduction band of a 
crystal lattice. Subsequent heating of the material releases the electrons 
which then lose energy as photons when they fall back to the valence band. 
The initial excitation is proportional to the number and energy of incident 
radiation particles or rays and is dependent on the TLD material. Such 
materials may have a response with energy which is flat over a wide range. 
Thermoluminescent dosimetry (TLD) is discussed in more detail in later 
chapters. 
SUMMARY 

A large variety of detectors and monitors have been developed to cater for 
the different measurement situations which arise in practice. This 
proliferation of detector and monitor types, many of which have been developed 
for particular purposes, necessitates careful consideration when selecting a 
device to perform a particular monitoring operation. 

Firstly it is important to decide what quantity is to be determined, 
whether it be the activity of a particular radionuclide or the dose equivalent 
to a worker or some part of a worker. 

Secondly, a detector must be selected which is sufficiently sensitive to 
the type of radiation being emitted and with a known response to that 
radiation. In real measurement situations the source to be measured is never 
in the ideal point source geometry. Consideration must therefore be given to 
the effect of source geometry and source self absorption on the measurement. 
If due consideration is given to the form of the radioactive source, the types 
of radiation emitted, the interaction of these radiations with the detector 
and the interpretation of the measurement in terms of the required quantity 
then it should be possible to make accurate and soundly based measurements. 
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Chapter 6. Models for Estimating the Radiation Hazards of Uranium Mines 

K. N. Wise 
Australian Radiation Laboratory 

Abstract. Hazards to the health of workers in uranium nines derive from 
the decay products of raoon and from uranium and its descendants. Radon 
daughters in nine atmospheres are either attached to aerosols or exist as free 
atoms and their physical state determines in which part of the lung the 
daughters deposit. The factors which influence the proportions of raoon 
daughters attached to aerosols, their deposition in the lung and the dose 
received by the cells in lung tissue are discussed. The estimation of dose to 
tissue from inhalation or ingestion or uranium ana daughters is based on a 
different set of models which have been applied in recent ICRP reports. The 
models used to describe the deposition of particulates, their movement in the 
gut and their uptake by organs, which form the basis fc future limits on the 
concentration of uranium and daughters in air or on their intake with food, 
are outlined. 

INTRODUCTION 
In the early years of the 16th century, mines were opened at Joachimsthai 

and Schneeberg in Central Europe. By 1546 the miners were reported to have an 
unusually high frequency of a fatal lung disease. The malignant nature of 
this disease was noted in 1879 and shown to be lung cancer in the first 
quarter of this century. The ore in these mines has been worked at various 
times for cobalt, bismuth, nickel, radium, arsenic and nickel; some of these 
metals are known to be carcinogens. Today, it is known that excess cancer 
mortality exists not only for workers in uranium mines but also in fluorspar 
mines, in underground iron mines, and in underground hard-rock mines. Careful 
statistical studies have linked lung cancer risks to the level of radon-222 
daughters in the mines; statistically significant respiratory cancer deaths 
are found in the exposure range 120-360WLM and at higner exposures after full 
account has been taken of smoking habits and residency (Lunoin et al., 1971). 
Where the radon daughter levels are low, as in potash mining, there is no 
difference in the risks for surface workers ano underground miners. The 
cancer cells seen are predominantly of the small-cell undifferentiated type; 
the basal cells have been implicated as a point of origin of the cancer cells 
(Kotin 1966). 

The dust produced by the mining operations of drilling, blasting and ore 
loading is no less a problem, as these airborne dusts contain the long-livea 
alpha-emitting radionuclides of the uranium-238 anu uranium-23S families. 
Such airborne radioactive contamination is also produced in uranium mills 
where the ore or the final product is physically processed. Along with the 
usual radiological hazards there is the additional one of heavy metal 
poisoning. For example, ingestion or inhalation of uranium can lead to kidney 
damage or death and as little as 60 mg of uranium in the blood at the one time 
could produce a human fatality (Eve 1964). 

Inhalation is the principle moot ot entry of either radon daughters or 
uranium ore dust into the body. For rauon daughters the lung is the organ 
most at risk while for uranium ana its descendants organs other than the lung 
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may be at risk. Part 1 discusses the estimation of the raoiation dose deriving 
from radon daughters while Part 2 is confined to current views on how uranium 
and its descendants move around the booy and the hazard they therefore impose. 

PART 1 : RADON AMD DAUGHTERS. 
Physical properties" 

Radon decays by alpha emission; its immediate daughter products, which 
are also alpha emitting, have half-lives of less than 30 minutes ana are, 
therefore, of more concern in the assessment of the hazard to the respiratory 
tract than the much longer lived radon-222. Lead-210 with its naif-life of 22 
years may be regarded as non-radioactive when considering the evaluation of 
inhalation hazard. Some physical properties of radon ana its daughters are 
listed in Table 1. 

As radon decays by alpha emission, the daughter polonium-218 (RaA) is 
formed as a recoiling ion with an initial kinetic energy of 101 keV and is 
positively charged at the end of its recoil path, which in air is about 
100 urn. These ions have a high diffusion coefficient of 0.05 cm2s-l to 
0.07 cm2s-l and attach themselves to any available surface fairly 
readily. If the available surface is an airborne aerosol, the attachment rate 
depends on the size distribution and the concentration of the aerosol (Raabe 
1969). Polonium-218 decays, in turn, by alpha emission. If the decaying 
polonium-218 is attached to an aerosol particle, the recoiling atom of 
lead-214 will either penetrate into or remove itself from the particle. For 
large particles (> 0.5 pin), half the recoiling atoms of lead-214 could be 
expected to escape but all of the lead-214 could be expected to escape if the 
particle is sufficiently small (< 0.1 win). Mercer (1976) has recently 
estimated the fraction lost by recoil to be 0.83. Loss of the bismutn-214 
formed by beta-emission from lead-214 is negligibly small. 

when the radon oaughter products polonium-218, leaa-214, bismuth-214 and 
polonium-214 are free in the air or associateo witn very small clusters of 
molecules (eg water vapour) they are called unattached radon daughters. If 
the radon daughters are incorporated into aerosol particles, which are at 
least an order of magnitude larger than unattachea daughter clusters, they are 
said to be attached. Obviously, as the unattached daughters are considerably 
smaller than those attached to aerosols, (and therefore have a higher 
diffusion coefficient) they will deposit in the respiratory tract more 
efficiently. 

Table 1 

1 

Properties of Radon and Radon Daughters. 

For o-emitting isotopes 
isotopes Half-life ha j or 

radiations 
Half-life ha j or 

radiations Energy, Tissue 
MeV range, pin 

Rn-222 3.82 day a 5.49 41 Po-218 3.05 min a 6.00 47 
Pb-214 26.8 min e-
Bi-214 19.7 min B-
Po-214 1.64 x 10-4 sec a 7.69 71 
Pb-210 20.4 yr B-
Bi-210 5.01 day B-
Po-210 138 cay a 5.31 39 
Pb-206 Stable 
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Aerosol characteristics 

The size of aerosols in the atmosphere range from clusters of a few 
molecules to particles of about 40pm diameter. Particles of about 10 nm 
diameter and smaller have very short life-times because they rapidly attach to 
other aerosol particles and can exist in considerable concentrations only if 
they are produced constantly. At the other end of the scale, particles larger 
than 40 win diameter are airborne only for a limited time and their occurrence 
is restricted to the vicinity of their source (eg from blasting, near heavy 
machinery or from vehicles moving on loose soil). The complete size 
distribution of aerosols cannot be obtained by one measurement procedure only 
- particles smaller than 0.1 urn can be obtained from measurement of their 
diffusion coefficient or their electrical mobility while particles larger tnan 
0.5 pm can be measured using optical particle counters (IAEA 1978). 

Three types of particle size distributions can be distinguished : namely 
background, oceanic and continental (Bricard 1977). The background aerosol 
corresponds to the purest air in the lower and middle troposphere with 
concentrations of up to 700 particles per cubic centimetre. The oceanic 
aerosol differs from the backround aerosol in that particles are predominatly 
of oceanic origin (eg salt spray) and are larger. The continental aerosol 
arise over polluted areas of continents with concentrations ranging from 10 4 

to 105 per cubic centimetre. 

The aerosol size distribution is generally similar to the log-normal 
distribution and two parameters used to describe the log-normal distribution, 
the median and the geometric standard deviation, are commonly used to 
summarise measurements on the aerosol size distributions - hence, use of terms 
such as count median diameter, activity median diameter or mass median 
diameter" Junge (1963) has g'iven model distributions for the sizes of the 
atmospheric aerosols - the continental ana oceanic aerosols have count median 
diameters of about 0.06 pm and 0.08 pm respectively with a geometric standard 
deviation of about 2.3. As the rate of attachment of raoon daughters is 
proportional to the square of the particle diameter (Raabe 1969; Kruger and 
Nothling 1979) the corresponding activity median diameter should be about 
0.26 pm and the geometric standard deviation about 2.3. George et al (1975) 
have reported activity median diameters ranging from 0.085 pm to 0.32 pm (mean 
0.17 *_ 0.6) while the geometric standard deviation rangea from 1.3 to 4 (mean 
2.7 ±_ 0.6) for 27 underground mines. 

Factors affecting unattached fraction 
Two models appear in the literature which provide simple relationships 

between the unattached fraction and the departure of the daughters from 
equilibrium. The first model has beer, discussed by Raabe (1969, 1978; and is 
useful for the outdoor environment. The secono model has been discussed by 
Jacobi (1964) and by Porstendorfer et al (1978) and is applicable to 
underground mine tunnels and indoors. 

Raabe's model makes several assumptions which appear reasonable. Three of 
these are: (1) losses to fixed surfaces such as walls are not considered as 
spaces are generally larger than a two metre cylinder, (2) the concentrations 
of the unattached daughters are such that there is little agglomeration 
between them, and (3) the radon gas concentration is constant during the 
time period of interest. The concentration of oaugl.ters at any time after the 
air contained on'iy pure radon can be founo by solving the decay equations 
through use of bateman's equations. The concentration of the unattached 
daughters can also be described through a set of differential equation* winch 
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include parameters for the rate of attachment of the unattached daughters to 
the aerosols and for recoil loss of the daughters from aerosols. Results from 
calculations based on Raabe's expressions are given in Fig. 1 to Fig. 3. 
Clearly, (1) for a given aerosol concentration the unattached fraction 
increases as the daughter concentrations depart further from equilibrium and 
(2) for a given departure from equilibrium the unattached fraction increases 
with decreasing aerosol concentration. According to Raabe's model the 
unattached fraction increases with decreasing size of the aerosol. 

CONCEMTRATBN 

Figure 1. Fraction of 218p0 unattached to aerosols for air of ages 
1 min, 10 min and 1000 min. The average surface diameter 
assumed for the aerosol is 0.06 iifli. 
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CONCENHUTION 

Figure 2. Fraction of 214pt, unattached to aerosols for air of ages 
1 «1n, 10 aln and 1000 Min. The average surface diameter 
assumed for the aerosol Is 0.06 y». 

K> 
CONCENTRATION 

Figure 3. Fraction of 214Bi • 214Po unattacned to aerosols for 
air of ages 1 min, 10 min and 1000 min. The average 
surface diameter assumeo for the aerosol is 0.06 um. 
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The second Model (Jacobi 1964, Porstendorfer et al 1978) includes the 

effects of additional losses of radon daughters through attachment to the 
surfaces of the rooa or tunnel and through ventilation. The steady state 
solutions of the differential equations for the unattached ana attached 
daughter concentrations, C. and C?, respectively, are: 

c! « x i c L i + p i - i xi c?-i 1 x * x- + x * x, v I s f 

C* - (^i-^^jCj-l +*sCl 
X +X-+X 
v i a 

where: X\ is the decay constant for each daughter, i si,2,3 
Pi the recoil loss probability 
x v the rate of loss by rooa ventilation 
x s the rate of loss of unattached daughters by attachment 

to aerosols 
Af„xa the rate of loss of unattached and attached daughters 

respectively by attachment to rooa surfaces. 
For underground mines x v aay be no aore than a fen air changes per hour (Leach, personal communication) *hile in domestic environments more than 10 
air changes per hour are possible. Thus x„ could range from 0 to 
0.003 s-l while data quoted by Stranden (1979) show Xf and x a to be of the ordc- of 7.2 x 10~ 3 and 1.8 x 10~ s s-1. Fig. 4 gives estimates of 
the equilibrium fraction (or UL per 100 pCi/1 of raoon-222) and the unattached 
fraction when there are up to 3 air changes per hour. 
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10 20 
Ventilation rate (h'1) 

Figure 4. Variation of the equilibrium fraction (left hand scale, 
broken line) and unattached fraction (right hand scale, 
solid line) as a function of ventilation rate. 
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Again, the unattached fraction increases as the departure from equilibrium 
increases. Further, the unattached fraction increases Kith decreasing size or 
decreasing concentration (i.e. with decreasing attachment rate). 

Neasureaents of the unattached fraction in sine environments have been 
done primarily in underground mines. Fig. 5 summarises in a cumulative 
distribution form results obtained by Craft et al (1966) and by Raghavayya and 
Jones (1974) - later amended by Mercer in 1975. 
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Figure 5. Cumulative probability distributions for fraction of 
activity unattached. 
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The figure shows that the unattached fraction appears to be distributed 
log-normally. Table 2 gives estimates of the median unattached fraction and 
the geometric standard deviation; these parameters characterise the 
log-normal distribution. Clearly, the «uost recent measurements of the 
unattached fraction in underground mines of the USA exhibit a median 
unattached fraction for 218po of about 0.035 and a geometric standard 
deviation of about 3. 
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Few measurements are available on the unattached fraction in outdoor air. 
UNSCEAR (1977) quotes measurements in Sutton, England which range between 0.07 
and 0.40. Another two series of measurements in New York City averaged 0.04 
(range 0.01-0.06), and 0.09 (range 0.05-0.12). Preliminary measurements have 
been carried out on the fraction of 218p 0 unattached to aerosols at Ranger 
Uranium Mines. Measurements were also made on the radon daughter 
concentrations and the working levels using an Environmental Working Level 
Meter made by Harshaw, while some measurements of the aerosol concentrations 
were made with an uncalibratea Royco 225 optical particle counter. These 
measurements were made on the ore body in a location some 400 metres from 
where the pit is being dug. The measurements on the daughters were done at 
night during times favourable to an inversion. These measurements showed: 

the average ratio of the daughter concentrations were 218p0; 
214p o : 214bi » 1.00: 0.11: 0.01. It is estimated that this 
ratio corresponds to 7 minute old air 

the working levels were in the range 0.01-0.10 wl 
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the unattacheo fraction ranged from 0.37 to 0.71; a much higher 
figure than encountereo in unoerground mines. 

The aerosol concentrations were roughly an order of magnituoe lower than in 
urban Melbourne. The high unattached fractions are consistent witn the 
observations that (1) the daughters are far removed from equilibrium and 
(2) the aerosol concentration is relatively low. 
Models for lung oosimetry 

uaicuianorts cased on theoretical models of lung geometry, deposition of 
aerosols on the airways, movement of mucus towards the throat and location of 
the sensitive cells have been widely used to estimate the hazard from radon 
daughters (Altshuler et al 1964; Haque and Collinson 1967; Harley and 
Pasternak 1972; Jacobi 1980; James 1980; Wise 1980). These parameters 
suffer from considerable uncertainty and it is not surprising that the 
estimates of the dose conversion factor vary widely. Their principal virtue, 
in my view, is that they allow us to make some judgement on the relative risk 
posed by different environments such as underground mines, open-cut mines ar.d 
indoors. The models for lung dosimetry are briefly described here. A 
comparison is also made between the theoretical estimates of the dose to lung 
in underground mine atmospheres with the dose as estimated from 
epidemiological data. 

The theoretical models of lung geometry that have been put forward are: 
Landahl geometry (1950) in which the lung is divioed into six 
sections, each section having a fixed number of airways of given 
diameter and length 
weibel geometry (1963) in which the lung is divided into 23 sections 
(generations); the number of airways doubles with each succeeding 
generation ana in each generation the airways have a fixed diameter 
and length 
Horsfield-Cumming geometry (1968) which recognises that there is 
irregular branching of the airways throughout the lung; the 
oiameter, lengths and numbers of airways have also been given. To 
date this model has not been used in the estimation of hazards from 
inhalea materials. 

Table 3 ana Table 4 give the dimensions and numbers of airways for the Landahl 
and weibel geometries; for completeness the anatomical names corresponding to 
the airways and the speeo of the mucus escalator are also given. 

The amount deposited in the different regions of the respiratory tract is 
influenced by several factors which Include type of airflow in the lung 
(turbulent or laminar), particle size, volume of air inhaled per breath and 
the number of breaths per minute. Generally, particles larger than tens of 
micrometres diameter are deposited in the nose and do not gain access to the 
respiratory tract. Particles larger than about a micrometre oiameter deposit 
in the upper respiratory tract primarily by inertial impaction while in the 
lower respiratory tract, where air motion is slow, these particles deposit by 
gravitational sedimentation. Particles smaller than a tenth of a micrometre 
deposit throughout the lungs by Brownian diffusion. Fig. 6 graphically 
illustrates the relative importance of these mechanisms for the deposition ot 
particles. 
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Table 3 

Lung mooel a of Lanoahl 

Mucus 
Region Number Radius Length Surface transit 

area time 
(cm) (cm) (cm2) ( mi n) 

Trachea 1 0.8 12 60 8 
Main bronchus 2 0.5 6 40 6 
Lobar bronchus 12 0.2 3 45 11 
Segmental bronchus 100 0.1 1.5 100 37 
Subsegmental bronchus 800 0.075 0.5 200 82 
Terminal bronchus 6xl0 4 0.03 0.3 3400 1980 
Respiratory bronchus 2xl0 5 0.025 0.15 4700 
Alveclar ducts 2x10 0.02 0.05 30000 
Alveolar sacs 5xl0 7 0.02 250000 

Notes (a) The respiratory tract is divided into nine regions, six of which 
belong to the trachea-bronchial compartment ano three to the 
alveolar area. 

(b) The physical dimensions of the airways are those given by 
Landahl (1950) while mucus transit times are oaseo on the work 
of Altshuler et al (1964). 

\ 
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Table 4 

Lung model a of weibel 

MUCUS 

Region Gener
ation 

Number Raoius Length Surface 
area 

transit 
time 

(cm) (cm) (cm2) (min) 

Trachea 0 1 0.9000 12 67.8 8 
Hain bronchus 1 2 0.6100 4.76 36.5 6 
Lobar bronchus 2 4 0.4150 1.90 19.8 8 

3 8 0.2800 0.76 10.7 3 
Segmental bronchus 4 16 0.2250 1.27 28.7 14 

5 32 0.1750 1.07 37.6 12 
6 64 0.1400 0.90 50.7 10 

Sub-segmental bronchus 7 128 0.1150 0.76 70.3 32 
8 256 0.0930 0.64 95.7 27 
9 512 0.0770 0.54 134 23 

Terminal bronchus 10 1.02X103 0.065 0.46 192 445 
11 2.05xl0 3 0.0545 0.39 274 378 
12 4.09xl0 3 0.0475 0.33 403 320 
13 8.19xl0 3 0.0410 0.27 570 261 
14 1.63xl04 0.0370 0.23 876 223 
15 3.27xl04 0.0330 0.20 1360 194 
16 6.55xl04 0.0300 0.165 2040 160 

Respiratory bronchus 17 1.31xl05 0.0270 0.141 
18 2.62xl0 5 0.0250 0.117 
19 5.24X105 0.0235 0.099 

Alveolar duct 20 1.05X106 0.0225 0.083 
21 2.09X106 0.0215 0.070 
22 4.19X106 0.0205 0.059 

Alveolar sacs 23 8.39X106 0.0205 0.050 
Alveoli 0.02 

Notes (a) The respiratory tract is oividea into 24 generations. All tubes 
in a generation are of equal length ana diameter, 

(b) Tne physical dimensions oi the airways are those given by Weioel 
(1963) while mucus transit times are those of Harley ana 
Pasternak (1972) ana estimated by them from the work of 
Altshuler et al (1964). 
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Figure 6. Relative contributions to the deposit of 0.3 ym diameter 
in each generation of the tracheobronchial region by the 
impaction, sedimentation and diffusion mechanisms. The 
percentage of particulates entering the trachea depositing 
in the tracheobronchial region is also shown. 
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Unattached radon daughters, however, with their diffusion coefficient of 0.054 
CM* s-i, which is four orders of Magnitude higher than for particles, 
deposit very efficiently in the lungs - m r e than 50°/o is lost in the 
nasopharynx - the rest deposits in the upper respiratory tract, and none reach 
the lower respiratory tract. Fig. 7 gives estimates for the fraction of 
unattached and attached daughters deposited in different parts of the lung for 
several rates of inhalation. It is clear that unattached daughters are 
deposited More efficiently in the upper airways by some 2 orders of 
Magnitude. It would appear that the inhalation rate does not affect the 
deposition greatly. 
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Figure 7. Deposition probabilities for each generation of the 
tracheobronchial region for 0.2 M"I diameter particles and 
ions with a diffusion coefficient of 0.054 cm2 5-1 
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One of the defence mechanisms of the lung against the invasion of material 

is for any deposited particulates on the lung airways to be moved upwards by a 
mucus stream towards the throat where it is swallowed. The speed of this 
mucus escalator varies from 1 cm min-1 at the trachea to less than 0.01 cr 
min-1 at the intrasegmental brochi. However, rates are rather variable even 
in an individual. In the alveolar region other removal mechanisms are 
active. Overall the clearance times can range from hours to days depending on 
where the material is deposited. 

Obviously, radioactive material depositing on the surface of the lung 
airways give rise to a radiation dose to the tissue below. Some workers have 
suggested that the basal cells are the point of origin of lung cancer. The 
average depth of these basal cells varies from 80 p* at the main bronchi to 
20 p* in the transitional bronchioles (Gastineau et al 1972); the standard 
deviation of the depth of the cells is of the oraer of 10 pm. Before the 
availability of this information on the depth of the cells, various authors 
used a number of depths. For example, Altshuler et al (1964) used 36 pm 
whereas Harley and Pasternak (1972) have used 22 pm for the depth of the 
cells. As the ranges of alpha particles from 218p 0 a i Kj 214p 0 a r e 47 vm 

and 71 pm, respectively, small changes in the depth of the basal cells used in 
the models change the estimates of the dose significantly. Harley and 
Pasternak have indicated that changing the depth of the basal cells by 5 pm 
changes the estimated dose by some 25°/o. The depth of the basal cells is 
thus a crucial parameter in the model. Therefore, it is not surprising that 
estimates of the dose to sensitive cells have varied over a large range due to 
differences in the depth of the basal cells chosen. Table 5 presents 
estimates for the dose to sensitive cells as made by different workers. These 
estimates should be contrasted with 14 mGy/WLN as deduced by Walsh (1979) from 
epidemiological data. Walsh also estimated that the Gray to Sieverts 
conversion factor is between 3 and 4 (ICRP currently recommend that this 
factor, called a quality factor, be 20). UNSCEAR (1977) recently reviewed the 
literature and suggested a conversion factor of 10 mGy WLM-1. It would 
appear, however, that the use of a conversion factor of around 10 mGy WLM-1 
rests on the premise that the unattached fraction is small and in modern mines 
rarely rises above I0°/o. This is supported by data from underground mines. 

The measurements in the Northern Territory described above indicates that 
the unattached fraction may not always be low in some environments. Given the 
efficiency with which unattached daughters deposit on the lung airways this 
implies that in some environments the dose to lung could be higher than 
underground mining experience would suggest. Calculations based on the Weibel 
model show that the maximum dose from exposure to radon daughters occurs in 
the segmental region (where cancers do occur) and the dose ranges from 8 mGy 
WLM-1 to 30 mGy WLM-1 when the fraction of unattached 218po ranges from 
0.02 to 0.10, as in underground mines and in the New York observations. For 
the conditions experienced at Ranger Uranium Mines 1 WLM of radon daughters 
would give rise to a maximum dose of 60 mGy to 120 mGy. Clearly more data is 
needed on the unattached fraction before conversion factors suitable for use 
in open-cut mines can be established. 
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Table S 

Summary of dose calculations published since 1964 
for radon and radon daughters. 

Investigation Tissue Calculated Dose 
mfiy/WLM 

Altshuler et «1 1964 Segmented bronchi 30 
Jacobi 1964 Secondary-quarternary bronchioles 29 
Haque and 
Collinson 

1967 Segmented bronchi 20 

Walsh 1970 Bronchial epithelium <10 
Harley and 
Pasternak 1972 

Segmented bronchi 2-3 

Walsh 1979 Bronchial epithelium 14» 
James 1980 Bronchioles 7-20 
Wise 1980 Segmented bronchi 8-40 

Note (a) Estimated from epidemiological data 

PART 2 ; URANIUM AND DAUGHTERS 
We normally ingest some uranium with our food although environmental 

levels are negligibly small. UNSCEAR (1977) estimate that we ingest between 
10 and 20 mBq/day of 238^, leading to a body burden of about 0.2 Bq/kg and a 
dose of 3 pGy per year. 

in a uranium mine, however, Inhalation is the principle mode of entry of 
uranium ore dust into the body. To estimate the limits of intake for uranium 
and daughters, the approach adopted by the ICRP is to combine a yery simple 
model for estimating the deposit of particulates in the lung (ICRP 1966) and a 
model of the gastro-intestinal tract (Eve 1966) with the latest available data 
on the rates of turnover of elements from blood and organs (Adams 1978, ICRP 
1979). This provides a complete system from which the levels of radionuclides 
can be computed. A knowledge of the type and quantity of radiation emitted by 
these radionuclides then allows a computation to be made. Hence limits of 
intake can be established to ensure that the limits on the dose received are 
not exceeded. 

The limits on exposure to radionuclides in air and water imbedded 1n the 
current code of practice can be traced back to an early standard (ICRP 1959). 
The Commission is replacing this standard with one which follows the precepts 
laid down in ICRP26 (1977). The first volumes of the new standard appeared 
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late in 1979 as ICRP30 parts 1 and 2 together with supplements; it is 
concerned only with the derivation of secondary standards that liait intake of 
radionuclides by workers. The limits are known as annual Limits of Intake 
(ALI) either for ingestion or for inhalation. No standard is developed for 
water because water is only one source of ingested material; the total 
activity ingested in any one year should be controlled by use of ALI for 
ingestion. However, values are given for the Derived Air Concentration (DAC) 
which is obtained by dividing ALI (inhalation) by volume inhaled by Reference 
Nan (ICRP, 1975) in a working year. It will be some years before the new 
methods and the resulting limits find their way into the regulations. 
However, the models which form the basis of these recent calculations are 
described briefly here to provide a frame of reference for an understanding of 
the changes that will take place in the future. Obviously, too, a discussion 
of the models highlights those factors which are important in determining the 
hazards from ingested or inhaled radionuclides. 

ICRP Lung Model 
This mod*f~w«s adopted by ICRP Committee 2 for radiation protection 

purposes and not for radiological studies. The model gives a simple 
description of the deposition and retention of radioactive particulates in the 
lung. 

For this purpose the lung is divided into 3 major compartments: 

the nasopharynx compartment (N-P) which extends from the outside 
opening of the nose to the level of the larynx 
the tracheobronchial compartment (T-B) which consists of the trachea 
and the bronchial tree down to the terminal bronchioles. This region 
contains the entire ciliated tissue of the respiratory tract which is 
covered by a thin layer of mucus. The mucus is moved upward by the 
waving cilia 
the pulmonary compartment (P) which contains the airways from which 
exchange into the blood takes place. 

In calculating the deposit of material in the lung, the committee focussed 
on 3 different ventilation rates representing the volume of air inhaled at 3 
different levels of work; the ventilation frequency was fixed at 15 breaths 
per minute. From detailed calculations for inhaled particles of various 
aerodynamic diameters and of various geometric standard deviations, 
Committee 2 showed: 

a mean curve, ventilation rate 20 1/min, can be considered to 
represent the rates chosen; hence, altnough volume breathed per 
minute affects the total amount of dust inhaled, the fraction 
deposited in each compartment is not altered significantly 

for regions N-P and P, the fraction of different particle sizes 
deposited is linear when plotted on log-normal probability paper (see 
Fig. 8) while in region T-B the fraction deposited is approximately 
constant at 0.08 for all median diameters larger than 0.05 pm 
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Figure 8. ICRP (1966) estimates of the percentage of inhaled aerosol 
deposited in each of 3 regions of the lung. 



95 
Uptake of radionuclides 

Clearance of deposited Material can be by transport directly to the blood 
or its upward aoveaent towards the throat where it is swallowed and thus 
enters the GI tract. 
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Figure 9. Compartments used in the ICRP model for calculating dose 
to tissue from inhaled radionuclides. 

The pathways are shown diagrammatically in Fig. 9 and the fraction of material 
affected and the rate at which clearance takes place by each pathway are given 
in Table 6. 



Tablet 
r% for ICtP lw* clearai « - * ! 

Pathway 

Class 

Region Pathway D y Y Pathway 

T F T F T F 

• - P 0.01 0.5 0.01 0.1 0.01 0.01 
( 0 ^ . 0.30) 0.01 0.5 0.40 0.9 0.40 

0.01 

0.99 

T - 1 0.01 0.95 0.01 0.5 

0.40 

0.01 0.01 
<°T-» * Q'<*) 0.2 0.05 0.2 0.5 0.2 0.99 

0.5 0.8 50 0.15 500 0.05 
P - - 1.0 0.4 1.0 0.4 

(0 - 0.25) 9 - - 50 0.4 500 0.4 
h 0.5 0.2 50 0.05 500 0.15 

L i 0.5 1.0 50 1.0 1000 0.9 
i — - - - 0.1 

Notes: (1) T is the clearance half-tiae in reciprocal days. 

(2) F is the fraction of Material deposited of each region of the 
coftpartaents H^P, T-6, and P. 

(3) Dgo, 0. - and 0 p are the fractions of Material depositee 
in each region; they are for an aerosol with AMAb * 1 »M. 
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Deposited radionuclides are divided into 3 classes (1) Y for avid retention 
(biological half-lives over 100 days), (2) W for moderate retention 
(biological half-lives between 10 and 100 days) and (3) D for minimal 
retention (biological half-lives less than 10 days). Data on the clearance 
classifications for uranium and daughters are given in Table 7. 

Table 7 
Clearance classifications for uranium and daughters 
and the fraction transferred from small intestine 

to the body fluids. 

Radionuclides Lung 
Clearance 
Class 

Compound Fraction 
transferred 
to blood 
from SI 

fl 

Pb-210 to Pb-212 D All compounds 0.1 
Bi-210 D Bismuth nitrate 0.05 

W All other compounds 0.05 
Po-210 W Oxides hydroxides and nitrates 0.1 

D A H other compounds 0.1 
Ra-223 to Ra-228 U All compounds 0.2 
Ac-225 to Ac-227 U All compounds 0.0003 
Th-227 to Th-234 Y Oxides, hydroxides 0.0002 

W All other compounds 0.0002 
Pa-231 to Pa-233 W All compounds 0.01 
U-232 to U-238 D Most hexavalent compounds 0.05 

Y Most tetravalent compounds 0.05 
Y uo 2, u 3 o 8 0.002 

Sources: Adams (1978), ICRP (1979). 

Once transferred to the GI tract, the radionuclides move in turn from the 
stomach to small Intestine, to upper large intestine, to lower large intestine 
before final excretion. A fraction, fj, of the radionuclides 1s transferred 
into the blood at the small intestine. Table 8 gives estimates for the mean 
residence times in each region of the GI tract. Table 7 gives some estimates 
for f 1 # 
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Table 8 

Parameters for gastrointestinal tract model 

Mass of Mean x 
Section of GI tract contents residence days 

(g) time (days) 

Stomach (ST) 250 1/24 24 
Small intestine (SI) 400 4/24 6 
Upper large intestine (ULI) 220 13/24 1. 
Lower large intestine (LLI) 135 24/24 1 

Radionuclides reaching the blood can be taken up by specific organs. 
Radium for example, has long been known as a bone-seeking radionuclide. The 
radionuclide taken up by the organ can be lost from the organ at a rate 
characteristic of the element. Table 9 gives the fraction of some uranium 
daughter radionuclides transferred to various organs. 

Table 9 
Fraction of uranium and daughter nuclides 

transferred to source tissue. 

Element Bone Liver Kidneys Spleen Testes Ovaries Rest 
Body 

Lead 
Bismuth 
Polonium 
Radium 
Actinium 
Thorium 
Protactinium 
Uranium 

0.55 0.25 

0.1 
0.46a 

0.2 0.6 
0.7 0.04 
0.45 0.45 
0.22 

0.02 
0.4 
0.1 0.1 

0.05 

0.12 
0.00035 

0.18 
0.3 
0.7 
0.54 
0.15 
0.16 

0.00011 
0.12 

Notes: (a) 0.23 to cortical bone; 0.23 to trabecular bone 
Sources: Adams (1978), ICRP (1979). 
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Table 1C gives the fraction of the radionuclide retained by time t In terms of 
the sum of several exponentials. 

Titte 10 

• t t ta t t ta « r (tacit t l w i U I f tra t» tturct t rwa • t t ta t t ta « 

M • fmicttm «f ttst • 

Etaawt Ortw *1 *2 T 2 *3 T 3 '4 
«tjn 

*5 T5 

Ut l *M O.f 1? o.is in 0.25 12000 
«t*t o.t 12 0.11 I K 0.02 12000 

I t i w t k o.t O.t 0.4 S 

totantai 1.0 SO 

DMtua Tr. k m 0.53 0.023 0.44 3.6 0.0175 •00 0.0175 3500 
Cart, low 0.52 0.023 0.43 3.» 0.02* 1300 0.02t MOO 
mst 0 .1* 0.05 O.M 1.0 0.11 35 0.046 200 0.00* 1400 

Act tutus 1.0 3500 

TftartM t M t 
wst 

1.0 
1.0 

•000 
700 

rrauzttnhm •WW 
Ltwr 
tCMft 

1.0 
1.0 
1.0 

ioor 
40T 
• 

Ormiim 
•est 

0.10 
O.iM 

20 
t 

O.IO MOO 
0.004 1500 

M M : (•) TM rtttiittcw fMKttM * ( t ) t> « ( l ) - J ^ », t»» (-0.*f3 t / T ( ) 

Swrctt: M«M (1*71), IC* ' (1*7*). 

Calculation of limits of Intake 
ICRP currently distinguishes two broad categories of radiation induced 

effects, namely: 
malignant and heriditary disease for which the probability of an 
effect occurring, rather than its severity, is regarded as a function 
of dose without threshold (stochastic effects) and 
effects such as opacity of the lens and cosmetically unacceptable 
changes for which a threshold or pseudo-threshold of dose must be 
exceeded before the effect is induced (non-stochastic effects). 

To meet these basic limits for exposure of workers, the intake of the 
radionuclide in a year must satisfy 

IS!*M*a*V ***" TM'|i»n»JH'.w 
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j "T^O.T < 0.05 Sv 

H50,T < ° - 5 0 S V 

where H50 7 is the total dose equivalent averaged throughout a specific 
' tissue in the 50 years after intake of the radionuclide 

and wj is a weighting factor which is the ratio of the stochastic 
risk arising from tissue T to the total risk when the whole 
body is uniformly irradiated. The weighting factors are 
given in Table 11. 

Table 11 
Weighting factors recommended by 

ICRP for stochastic risks. 

Organ or tissue W_ 

Gonads 0.25 
Breast 0.15 
Red bone marrow 0.12 
Lung 0.12 
Thyroid 0.03 
Bone surfaces 0.03 
Remainder a 0.30 

Note: (a) W T is 0.06 for each of the five of the 
remaining organs or tissues receiving the 
greatest dose equivalents. 
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In the terminology used by ICRP, tissue is the target organ and the 

dose equivalent for each type of radiation is computed from the number of 
transformations of the radionuclide which take place in a source organ S and 
the energy absorbed per g in T, modified for a quality factor Q appropriate to 
the type of radiation. Any daughter radionuclides produced in the body after 
intake of the radionuclide are also taken into account. 

The annual limit of intake, a secondary limit designed to meet the 
basic limits for occupational exposure recommended by ICRP, is the greatest 
value of I which satisfies 

I S w_ (H 5 0 T per unit intake) < 0.05 Sv 

and I (H5O,T P e r unit intake) < 0.50 Sv 

If the first criterion is satisfied then ALI is said to be determined by a 
stochastic limit; if the second criterion is satisfied the ALI is determined 
by a non-stochastic limit. In the tables of ALI presented by ICRP, if the ALI 
is determined by the non-stochastic limit in a particular organ or tissue, 
that organ or tissue is listed beneath the value of ALI. The greatest value 
of ALI that satisfies the Commission's recommendation for limiting stochastic 
effects is listed in parenthesis. However, when the ALI is determined by the 
stochastic limit no organ is listed below the value of ALI. An example of a 
tabulation of ALI is given in Table 12. 

A couple of notes of caution should be sounded on the use of these 
tables. Firstly ALIs for the inhalation route assume that the particles 
inhaled are 1 pm diameter. Secondly the ALIs are based on the radiological 
risk to the occupationally exposed; toxicity of the radioisotopes inhaled or 
ingested is not considered. 
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Table 12 

Annual limits of intake, ALI(Bq)» and derived air concentrations, 
DAC(Bq/m3), for uranium isotopes calculated on the basis of 

exposure for 40 hours per week. 

Oral 

Inhalation 

Oral Class D Class W Class Y 

Radionuclide / , - 5 x 10- 1 / , - 2 x 10-* / , - 5 x 10-* / , « 5 x 10-* / , - 2 x I0-» 

»»u ALI 1 x 10* 
(2 x 10*) 
Bone surf. 

2 x 10* 2 x 10* 
(2 x 10*) 
Bone surf. 

1 X 10* 1 x 10* 

DAC — 6 x 10" 5 x 10* 4 x 10* 
»»u ALI 2 x 10* 

(2 x 10*) 
2 

(2 
x 10* 
x 10*) 

3 x 10* 2 x 10* 2 x 10* 

LLI Wall LLI Wall 
DAC — — 1 x 10* 9 x 10* 7 x 10* 

*»*u ALI S x 10* 
(1 x 10*) 

2 
0 

x 10* 
x 10*) 

S x 10* 
(2 x 10*) 

I X 10* 3 x 10* 

Bone surf. Bone surf. Bone surf. 
DAC — — 3 x 10* 6 x 10° 1 x 10-' 

M » U ALI 4 x 10* 
(7 x 10*) 
Bone surf. 

7 x 10* 4 x 10* 
(7 x 10*) 
Bone surf. 

3 x 10* I x 10» 

DAC — 2 x 10" 1 X 10* 6 x 10"» 
*»*u ALI 4 x 10* 

(7 x 10») 
Bone surf. 

7 x 10* 5 x 10* 
(7 x 10*) 
Bone surf. 

3 x 10* 1 x I0» 

DAC — — 2 x 10' 1 x to1 6 x 10"' 
"»U ALI 5 x 10* 

(7 x 10*) 
Bone surf. 

7 x 10* 5 x 10* 
(7 x 10*) 
Bone surf. 

3 x 10* 2 x 10* 

DAC — — 2 x 10' 1 X 10' 6 x 10-' 
*»»u ALI 5 x 10' 

(7 x 10*) 
Bone surf. 

S x 10* 5 x 1 0 * 
(7 x 10*) 
Bone surf. 

3 x 10* 1 x 10* 

DAC — — 2 x 10* 1 X 10' 6 x 10"' 
" * U ALI 6 x 10T 

(7 x 10') 
6 

(7 
x 10T 

x 10') 
1 x 10* 6 x 10' 6 x 10' 

LLI Wall LLI Wall 
DAC — — 4 x 10* 3 x 10* 2 x 10* 

*»»u ALI 5 x 10* 
(t x 10*) 
Bone surf. 

1 x 10* 5 x 10* 
(• x 10*) 
Bone surf. 

3 x 10* 2 x 10* 

DAC __ 2 x 10' I X 10' 7 x 10-' 
"•u ALI 2 x 10* 2 x 10* 7 x 10* 6 x 10* 6 x 10* 

DAC — 3 x 10* 3 x 10* 2 x 10* 
*«»u ALI 5 x 10' 5 x 10' I x JO* 1 X 10* 9 x 10' 

DAC _ _ 6 x 10* 4 x 10* 4 x 10* 
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APPENDIX A 

Method of mixtures applied to uranium and daughters. 

ICRP2 (1959, p24) has this to say about the calculation of maximum 
permissible concentrations of mixtures of radionuclides. 

8. Maximum permissible concentration of known mixtures of radionuclides. Suppose a 
person is exposed to concentrations »,A, pmBt . . . pmA, pmB . . . pc/cm3 of isotopes 
A, B, . . . in air and in water, respectively, and also to external sources of y and 
neutron radiations. Assume further that the external sources give doses J^, J!j to a 
given organ x for y and neutron radiation, respectively. If L* rem is the average 
weekly dose permitted to organ x by the basic rules, then the total dose to organ x is 

P»A , _ P*B , , f'A i _ 0mB , 
(MPC):, "^(MPQi • • • • + ( M P C ) ; 4 ^(MPC);, + ' 

This does not exceed L* provided 

L'+R^+IP. (22) 

P'A J '•»._ _L. _l PmA J_ _ P**_ i 4-^T4.*" <- 1 /93\ 
(MPC);, T (MPC)i , ^'" ^(MPC);„ r ( M P C ) ; , ' ' ' L'^L' "* { ' 

and thus provides a criterion for assessing whether or not the exposure is in excess of 
that permitted by the basic rules. If organ x is not listed as an organ of reference 
in Table 1, and if an independent estimate of the corresponding MPC values is not 
available, the MPC based on total body may be used with the correction factor 
L'/OA, i.e. L'(MPC)J"»/0.1 may be substituted for (MPC); in such cases. In general 
it will be necessary to calculate the dose for all the organs for which the dose may 
reasonably be considered to be in excess of the prescribed limits. Often this may 
include the total body even though no one of the radionuclides irradiates a major 
portion of the body. Assuming that a major portion of the body is being 
irradiated at somewhat comparable rates, the calculation is essentially as before 
except that the MPC values based on total body are to be used. Thus the criterion is 

P.A , f»B , , PmA 

fla^ + ' - '+C + o ^ 1 ( 2 4 ) 

Note that the calculation requires the contributions to the dose from 
inhalation or ingestion of radionuclides or from irradiation by gamma rays or 
neutrons must be considered. Further, the calculation is aone for each organ 
in turn; the calculation yielding the lowest concentration of the mixture is 
the maximum permissible for that mixture. 

Table A summarizes the calculation of maximum permissible concentrations 
in air for members of the uranium -238 and uranium -235 series is secular 
equilibrium. The calculation has been simplified by ignoring any contribution 
to organ doses from ingestion of radionuclides and from gamma and neutron 
radiation. 
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ia&L. . ( i ) >. - p l i c a t i o n of tha oathed of ofljturoa* te occupational — .Lmm • " " * " } 
- " ' - aaahar. f 2 3 > u and 2 3 5 U - t l a a in • r u l . . - u l l l b r l u a ' concentration, in « l t ' W 

Muclisea oolublo Huclidoo inaolubla 

Nuclide Critical \ t Critical \. 
organ CI/. 3 ergon ci/-3 

'"".JaKef* 
"»U kldnay 6 -10 lung 1 -10 
"Sh Dons 6 -00 lung 3 -Ot 
J 3*u bono 6 -10 lung 1 -10 
""Th DOHB 2 -12 lung 1 -11 
"N. bono 3 -11 (lung S -11) 
2 1 I W kidney 2 -10 lung 2 -10 
2 , 0Po aplaan/cidnoy 7 -09 lung 2 -10 
2 1 «fci kidnoy 1 -06 lung 6 -09 

™U aeri.. 

*»u kidnoy 6 -10 lung 1 -10 
2 3 1Th CI 1 -05 CI 6 -06 
2 3 V . bono 1 -12 lung 1 -10 
2 2 7»c bono 2 -12 lung 3 -11 
'"Th bono 3 -10 lung 2 -10 
2 2 3 M . bono 2 -09 lung 2 -10 

u (3) (4) 
equil for bono 1 64 pCl/e3 for lung 6.S3 pCi/a 3 

(1) Tha procadura for oothod of mixtures ia daacrlbad in M.T. nines (Mediation 
Protection) Regulations; application to the calculation of U 

(2) 

equil that 

(3) 0, 

external radietlon doeo eay be ignored. 
Tha occupational aexiaua perelaelble concentration* in air are taken froa 
ICMP Publication 2 (1959) end ICMP Publication 6 (1964). 

pCl/a 3 le the concentration of 2 3 * U in eir. together with 2 3 5 u end ell 
• • * • » * * 940 222 
of their daughter* in secular equilibrium (excluding ' Rn and their short
lived daughter*) continuous exposure to which would load to occupotionol 
aaxixtua paralesibls dose 0 to the criticol organ, Metlo of ectlvitios, 
2 J S 0 / a 3 , U , le .0450 (Identicel .00711)1 by aeee). Tor nuclide k, *lk Ci/e 3 

UCi/ca ) is its oceupetiensl asxieu* permissible concentretlon in sir. 
bscosilng PI where bone is the criticel organ and M. for lung. Setting ««i 

231 23S 
for U eerlee end k.j for *u eerie*, 

0.10 " • Z J ' 
0450 equil 

0.10 .-12 

fro*) which 
10 12 

equil ZI Z-T 
pCl/a3 

(4) U .. • 3.40 pCl/e for the kidney as ths erltlcel organ with all nuclides 
soluble. 
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ICRP 24 calculates the limits on the total alpha activity from the 

activities of the insoluble radionuclides. Five of the radionuclides in the 
uranium-238 series are alpha enitters. The total alpha activity per unit 
volume is therefore 5 x 6.53 pCi/m3 or 1.2 Bq/m3. Also the annual 
operational limit for alpha activity in ore dust is 

L - 5 x 6.53 J§i x 1TO { ^ x 12 withs x ̂  £ 
m 

* 67 pCi.h/1 

ICRP 24 gives this limit to one significant figure as 70 pCi h/1. 
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Chapter 7. Radon ana Radon Daughter Monitoring 

(including thoron daughter Monitoring) 

V.A. Leach, 6. Grealy and W. Gan 
Australian Radiation Laboratory 

Abstract. Radon/raoon daughter and thoron daughter Measurement techniques 
are outlined. The necessary precautions and critical assessments of each 
Method are also presented with a view to providing a better understanding of 
the various Measurement methods. 

INTRODUCTION 
The radiation monitoring programme in mines where radioactive ores are 

extracted requires the measurement of radon daughters and thoron oaughters as 
these account for much of the radiation exposure of employees. A monitoring 
programme has two objectives. Firstly it provides quantitative information 
which allows for satisfactory engineering control of radon or thoron daughter 
concentrations in mine air, and secondly there is a legal requirement for 
operators to maintain complete records of cumulative exposure for all 
employees. This relates of course to the operator's obligation to ensure that 
employee exposures do not exceed the limits laid down under the Code of 
Practice (Australian Government Publishing Service, 1980). Such records are 
also likely to be used for future epidemiological studies of the effects on 
occupational health of radon and thoron daughter exposures. 

At the present time, cumulative exposure to radon or thoron daughters is 
assessed in units of working Level Month (see Chapter 1 for a definition of 
WLM) and is obtained by maintaining adequate records of working levels at the 
various work stations, and combining these with individual employee records 
which define the period spent by the employee at each work station. However 
this method is only adequate if area measurements we made frequently enough 
to follow major fluctuations in daughter levels. In time it is likely that 
this Method will be replaced by personal dosemeters, worn by each employee, 
and which will provide a measure of integrated exposure just as the TLD 
dosemeter provides an assessment of integrated exposure to external 
radiations. With well co-oroinateo record keeping, it is reasonable to expect 
that a radiation safety officer should be able to provide integrated radon or 
thoron daughter exposures in terms of working Level Months, with an overall 
uncertainty of less than SO per cent. 
Some 6*neral Considerations 

As is the case for most measurement practices, good housekeeping and a 
thorough understanding of tne science behind the methods employed vt 
essential if consistent ana reliable results are to be obtained. A separate 
clean laboratory is desirable both for the calibration ana Maintenance of 
field instruments, ana for tne analysis of field samples. Calibration 
facilities for checking flow rates in air sampling equipment for example art 
just as important as facilities for determining the energy response ana 
efficiency of radiation survey instruments. 



110 
Ideally, radiation protection staff will have a sound practical 

understanding of working conditions throughout the Bine or Bill, of usage and 
effectiveness of control equipment (e.g. ventilation equipaent) and will be 
aware of any other operational factors likely to have a bearing on their 
interpretation of measurements or on the best aanageaent of radiation 
protection. In son* cases, radiation measurements - for exaaple estimates of 
radon eaanation rates from freshly exposed ore - can be helpful and way assist 
the nine engineers in their planning of Methods, rewired ventilation and so 
on, for the optimiua aanageaent of radiation relates parameters. 
PHYSICAL CONSIDERATIONS 
Radon-222 and its decay chain 

The decay chain of which Z22pji is a part is one of the oldest and 
best-studied phenoaena in nuclear physics. It begins with the naturally 
occurring isotope 238y ^ 4 e R d S „itn the stable 206pt>. In between there 
are 8 alpha decays and 6 beta decays. More detailed data trt given in 
Table 1. Note that aany of the chain aeabers are still often referred to by 
their historical naaes. 

Raoon-222 provides a natural division for our purposes, because we Are 
interested aainly in radon and its daughters. However, there is also an 
important physical basis for this separation - namely the fact that radon is 
an inert gas. As 2 3 8 U decays through five steps to "°Ra, the heavy 
nucleus reaains fixeo in the rock. However, there is diffusion of raoon gas 
froa the local site of production, and in any particular (surface) rock soae 
of the radon will escape into the surrounding ataosphere. 

Thus, for aany practical purposes one can think of uraniua laden ore as a 
source of radon gas, (although in fact 2 2 6 R a is the true source) as well as 
a source of the aany «, a and y radiations being eaitted by the constituent 
nuclei theaselves. 

Let us exaaine the properties of the chain froa raoiua to 
radon-daughters. Me note that 2 2 o R a has a naif-life of 1602 yr. Since this 
is auch longer than the half-life of any subsequent daughter, 226jU can be 
viewed as a fixed-rate generator for 2 2 2 R n , whose half-life is 3.83 days. 
Radioactive equilibriua between the succeeding daughters (RaA, RaB, RaC) is 
achieved after approxiaately three hours. Note that after RaC decays, RaC 
follows nearly immediately (164 vsec) while RaO (210pb) has a 22-yr 
half-life, which for short tiaes effectively blocks the decay chain. Thus, we 
can deal here exclusively with the first four daughters, RaA, RaB, RaC and 
RaC\ 

Evans (1969) has given a Mtry useful summary of the physical and 
engineering considerations relevant to the control of the radon daugnters. 
Although radon is inert, the three eleaents iaaeoiately below it in the 
periodic table (polonium, bisauth and lead) are all chemically active. In 
particular, when radon (gas) oecays, most of the newly created "fyo (RaA) 
atoms, which are typically ionized, tend to attach almost immediately to any 
particulate matter in the ataosphere. Most RaB, RaC and RaC atoas »re 
usually attached as soon as they are formed. In dust-laden mine air, the 
consequence is tnat the particulate matter becomes radioactive by adsorption, 
whether or not they »rt attached to particulate matter, the daughters cause 
important raoiclogical consequences when inhaled, since they tend to lodge in 
the lung mucosa. 
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TABLE 1. Main sequence of decays from 238(j to 206pp. 
Three very weak collateral branch aisintegrations, 

all with branching ratios less than 0.1°/o, are omitted. 

1 

Alpha 
Common name Principal energy 
or symbol Half Life radiations (MeV) 

Uranium I - 2 3 8 u 4.49xl09 yr a 4.18 

Uranium Xj - 2 3 4 T h 24.1 days 0 
Uranium X £ - 2 3 4 P a 1.17 min B 
Uranium II - 2 3 4 U 248,000 yr a 4.76 
Ionium - 2 3 0 T h 80,000 yr a 4.68 (75°/o) 

4.61 (25°/o) 
?26 

Radium - Ra 1,602 yr a 4.78 (94.3°/o) 
4.69 (5.7°/o) 

222 Raaon - Rn 3.825 days a 5.485 
pi 0 

Raaium A - Po 3.05 min a 5.998 
Radium B - 2 1 4 P b 26.8 min 6 

Radium C - 2 1 4 B i 19.7 min 
Y 
s 

214 Radium C - Po 164 ysec 
Y 
a 7.69 

210 Radium D - Pb 22 yr 0 

210 Radium E - Bi 5.02 days 
Y 
0 

Radium F - 2 1 0 p o 138.3 days a 5.298 

Radium 6 - 2 0 6 p b Stable Stable 

Average 
Gamma-ray Gamma-ray 
quanta per energy 
decay (MeV) 

0.82 

1.45 

1.0 

0.295 

1.050 

0.047 
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The alpha-emitting daughters are RaA and RaC*. The alpha aecay energies 

are as follows: 
222Rn — > 218p0(RaA) 5.48 MeV 

218p0(RaA) — > 214pb(RaB) 6.00 MeV 
214p 0(RaC) — > 210pb(RaD) 7.69 MeV 

The energy difference can, of course, provide a basis for distinguishing the 
individual components by alpha spectroscopy. 

The two important beta/gamma-emitting daughters are RaB and RaC. Each has 
a rather complicated set of emissions, with three important betas and several 
gamma lines each (see Table 2). Because of this, beta aetection as a means of 
measurement is complicated as the efficiency of a beta detector is very hard 
to determine. The RaB and RaC gamma lines can be detected by 
gamma-spectroscopic methods but this is not now commonly done. 

TABLE 2. Radon decay series 
Isotope Half-life Principal decay modes 

(5.49 MeV, 100°/o) 
(6.00 MeV, 100°/o) 
(1.04 MeV, 7°/o; 0:75 MeV, 43°/o; 
0.69 MeV, 46°/o; others) 
many 
(3.28 MeV, 19°/o; 1.90 MeV, 
8.5°/o; 1.43 MeV, 8.7°/o; 
many others) 
many > 
(7.69 MeV, 100°/o) 

Radon-220 (thoron) and 219Rn (actinon) 
In situtations where 222 Rn must be measured, two other isotopes of radon may interfere with the measurement. The most important is radon-220 

(historically known as 'thoron'), a member of the decay chain which originates 
with naturally-occurring 232j n > jhe other isotope is radon-219 
(historically, 'actinon'), from the chain originating with 235ij. Both of 
these gases behave in a similar manner to 2 2 2 R 0 a n (j emanate from the radioactive ores after their birth following alpha decays of their immediate 
parents (224 R a .._> 220 R n, 223 R a — > 219 R nJ. 

In Australian uranium mines, the thorium content of ores is generally low 
(typically lo/ 0 of that of 238u) t and the 235u/238u r atio is uniform 
at about 0.71°/o (CRC Hanooook 1979-80). Thus the equilibrium production of 
both thoron and actinon gases is relatively small. Equally important the 
half-lives are quite short (55 s. for thoron, 4.0 s. for «.ctinon). Because of 
their limited abundances ana short half-lives, their direct radiological 
impacts are in both cases mucn less significant than that of 222 R n. 

222 
"*Rn (radon) 
2 1 8 P o 
2 1 4 P b 

2 1 4 B i 

3.824 d a 

3.05 m a 
26.8 m 0 

Y 
19.8 m 0 

Y 
2 1 4 P O 162 „S a 
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The thoron d<~ghters 212pb and 212BI have half-lives of 10.6 and 

1.01 hr, respectively and extraneous-counts can be recorded when 222Rn 
daughters are collected on air filters for measurement. Because of actinon's 
short half-life, its ability to diffuse out cf earth and rock is so limitea 
that it is seldom, if ever, present at levels measurable in the environment. 
The thoron decay series is shown in table 3. 

TABLE 3. Thoron decay series 

Isotope Half-life Principal decay modes 

a (6.28 HeV, 100°/o) 
a (6.78 HeV, 100°/o) 
0 (0.57 MeV, 19°/o; 0.33 MeV, 

77°/o; 0.15 MeV, 49°/o) 
-r many 
a (5.61-6.07 MeV, 33.7°/o) 
s (2.25 MeV, 54.8°/o; 1.52 MeV, 

5.0°/o; others) 
Y many 
a (8.78 MeV, 66.3°/o) 
*(1.80 MeV, 18.7°/o; 1.52 MeV, 
8.2°/o; 1.29 MeV, 8.5°/o; 
1.03 MeV, 1.0°/o) 

y many 

METHODS OF MEASURING RADON EMANATION FROM URANIUM ORE 
The Accumulator MetKod" 

This method was first introduced by Thompkins and Cheng (1969) who placed 
a large drum (44 gallon) over the area under investigation. The drum is 
usually grouted to a flat surface to prevent radon loss at the collection 
interface. Radon gas diffuses from the ore into the drum. A steady state is 
reached after approximately 3 hours by which time the radon concentration in 
the drum equals the raoon concentration in the soil pore air space. The radon 
emanation rate will decline as the partial pressure of radon in the drum 
approaches that in the pore air space. Thus, the radon in the drum should be 
collected as soon as the drum is placed over the measurement area. A flushing 
mechanism can be used to remove radon from the drum prior to further 
measurements. 

The radon concentration in the drum can be determined by using the 
two-filter tube method or by taking air samples using an evacuated Lucas cell 
(Lucas 1953) as described below. If Lucas cells are used to sample the air in 
the drum an internal fan must be fitted to ensure that the heavy inert radon 
in the drum is mixed prior to sampling. The in-situ radon emanation rate is 
simply the radon tlux per unit area and is calculated by the following formula: 

E " ATA 

2 2 0 R n (thoron) 55.3 s 
2 l 6 P o 0.15 s 
2 1 2 P b 10.64 h 

212 £Bi 60.6 m 

2 1 2 P o 0.3 pS 
2 0 8 T 1 3.07 m 

.*.***•' "***• '***-*»•••. "Br.."—*r -"""Ww •wwiiw*wwWWl»'-**' • ^^'fiMtW^?mmliTmum*'^,'i§ 
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where E is the radon emanation rate (Bq m-2s-l) 

C is the radon concentration in the drum (Bqm-3) 
V is the volume of the drum (m3) 

AT is the time elapsed during accumulation of radon in drum (s) 
A is the area of the drum (m2) 

The Charcoal Method 
This method utilizes the adsorption capacity of activated coconut 

charcoal. Cylindrical canisters, typically 6cm in aiameter and 6cm high are 
filled with freshly degassed granulated charcoal which is held in position 
with a wire mesh, supported by a circlip. To ensure that previously adsorbed 
moisture and other gaseous products are removed prior to use, the charcoal is 
degassed by placing the canister on top of a hot plate (30O-40O°C). When 
the canisters have been degassed and cooled to ambient temperature they are 
placed in a plastic bag and sealed before use. 

In the field, a number of canisters are placed over the area under 
investigation. Canisters are placed or embedded into soft ground by twisting 
to a depth of 1cm with additional soil packed around the eoge to prevent 
leakage. Often in hard rock the canister must be fixed onto the surface. 

The radon collection time is determined by the emanation rate ana the 
dampness of the area. Charcoal adsorbs water vapour ana this reduces its 
capacity to adsorb radon. However, Countess (1977) found that when charcoal 
adsorbs ll°/o by weight of water its capacity to adsorb radon is reduced by 
less than 10°/o. If the rock has a high moisture content, the charcoal 
efficiency for collecting radon could be reduced when using long collection 
times. Providing the charcoal is not saturated and is still on the linear 
part of the adsorption curve (Little, 1975) then the collection efficiency is 
unaltered. Thus, canisters placed at the same location for short and long 
periods should yield the same result for the calculated emanation rate. If 
the charcoal becomes saturated then a substantial arop in the calculated radon 
emanation rate will be observed at the longer exposure times. 

The measurement of the canisters is usually performed with a 5cm x 5cm 
Sodium Iodide (Nal) crystal connected to a single channel or multichannel 
analyser to detect the 609 keV gamma ray of 214gi (RaC). The 609 keV gamma 
ray is chosen because of its excellent separation from other overlapping 
emission lines, and the generally low detector background in this energy 
region. For greater sensitivity, counting is often performed 3 hours after 
collection to allow the raaon daughter products to come into equilibrium with 
the parent radon prior to counting. 

The canisters must always be counted in the same geometry in oraer to 
ensure reproducibility of results. The calibration procedure is as follows: 
An exposed canister is counted and then its charcoal is degassed into a radon 
analyzer (Lucas 1964). The radon collected in the analyzer is then 
transferred to a Lucas cell for counting. Typically, the counting efficiency 
of the canister with a Nal (5cm x 5cm) detector is about 1.5°/o for the 609 
Kev gamma ray. 

This method does not suffer from the equilibrium problems of the 
accumulator method since it does not distort the radon partial pressure 
immediately above the surface. This is because the radon, being adsorbed on 
the charcoal, is removed from the air space below the charcoal. Countess 
(1977) seals the canisters during storage prior to counting because he has 
found that adsorbed radon is lost at the rate of 0.25O/O per hour at 23*C. 
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This rate of loss increases with temperature and decreases with increasing 
pressure. Our experience has been that the activity loss at room temperature 
(22*C) is approximately 2°/o per hour. 

The radon emanation rate can be calculated from the following equation: 

2 x t e 
E = X X e 

=*! -xt 
eA (1-e )(l-e c ) 

where E is the radon emanation rate (Bqm-2S-1) X is the counts registered above background 
x is the raaon decay constant (2.1 x l(H>s-l) 
c is the efficiency of detection (counts/disintegration) 
A is the area of the canister (m2) 
t e is the elapsed time between the end of exposure and the start of 

counting 
t c is the exposure time of the canister 
t is the counting time 

Emanometers 
These instruments use a solid state alpha detector at the top of a 

canister which is placed on the ground. The detector is connected to counting 
electronics and has a digital readout to give integrated counts. 

Radon diffuses into the canister and unattached Radium-A ( 2 1 8Po) plates 
out (Kaufman and Dinwiddie 1971) on the surface of the detector and emits an 
alpha particle which is registered as a count. The number of counts 
registered is related to the radon concentration in the canister. 

This instrument has been traditionally used for exploration rather than 
absolute emanation rate measurements. However, we have no experience of the 
reliability or stability of calibration of this type of instrument, if it is 
to be used for the latter purpose. 
MEASUREMENTS OF RADON CONCENTRATIONS IN AIR Scintillation Cells 

The simple ZnS (Ag) coated cell developed by Lucas (1953) has been very 
useful for measuring the radon concentration in air. 

Scintillation cells can be made of various sizes from 100 ml to 1 litre. 
The design we prefer, and which is described in detail in Leach and Lokan 
(1979), consists of a copper cell with a glass end winoow. For very low 
background applications the end window on the scintillation cell should be 
made of q1 rtz glass. However, in practice, radon concentrations in air in 
uranium mines are high so that inexpensive plate glass is adequate. The 
inside walls of the metal housing are coated with ZnS (Ag) silver activated 
powder. The coating of ZnS on the walls of the cell is applied by ousting the 
powder on to a thin coating of clear lacquer. Excess powder is removed from 
the cell. 

Depending on the cell efficiency required, the end windows may be treated 
in two ways before being glued to the metal housing. Lucas (1953) coated the 
front glass windows with a transparent electrically conductive coating of tin 
oxide to reduce the effects of stray electric fields which can cause selective 
plate-out of radon daughters on the walls ot the cell. A typical efficiency 
of a 100 ml cell ot the above type is 75o/o (5 cpm/pCi). 



116 
The application of a conducting layer to the glass requires special 

facilities. However, a simple alternative is to coat all inside surfaces with 
scintillator. This leads to a reduction in efficiency of approximately 
200/0, but this is of little consequence in most practical situations. 

The cells are thoroughly evacuated prior to use and the sampling of mine 
air consists of opening a cell to the atmosphere and resealing it. When tne 
cells contain radon, radon daughters plate out onto the ZnS (Ag) coating on 
the inside wall of the metal housing. Although the cell is evacuated after 
counting, the background is still high due to plate out of daughters and 
usually a period of three hours is needed before the cell may be reused to 
allow existing daughter products to decay. Depending on the frequency of use 
and activity of radon sampled in each cell, the background of the cell will 
increase due to build-up of 210p 0 (Ra F). Thus, cells have to be recoated 
after prolonged use. 

The efficiency may vary slightly from cell to cell but this variation does 
not normally exceed • 10°/o. The calibration of individual cells requires 
access to a standard radium-226 solution from which radon can be drawn. This 
can be carried out satisfactorily only under well controlled laboratory 
conditions (Lucas 1964). 

After sampling the air with an evacuated cell, the alpha scintillations 
are detected by placing the end window of the cell directly on top of a 
photomultiplier tube (PHT) in a light tight enclosure. Pulses from the PNT 
are amplified and counted with a discriminator/sealer. 

The scintillation cell design has been modified for use as a continuous 
sampling device. Filtered air is drawn through the cell by a pump and the 
number of alpha scintillations observed by a photomultiplier are recorded in a 
preset counting interval. Air sampling rates of approimately 30 1/min. are 
used, causing turbulent air movement through the cell, which enhances 
plate-out of the unattached RaA atoms. The efficiency of such cells is 
usually about 60°/o (4cpm/pCi) with a lower limit of detection of around 
0.04 Bq/1 (1 pCi/1). The main disadvantage of these cells is that the 
short-lived RaA decays through to RaC which has a half-life of 19.7 minutes. 
Thus, this monitor cannot resolve rapidly changing radon concentrations but 
smoothes out changes with about a 30 minute time constant. 

A-lthough reliability is an important attribute of the scintillation cell, 
several precautions are necessary to avoid errors. In this regard the 
following should be pointed out: 

(a) plastic chambers are susceptible to loss of radon by diffusion 
through the cell walls because radon diffuses readily, if slowly, 
through plastic materials. However, the rate of loss over a period 
of a few hours is generally .legligible. 

(b) imperfect valves are another cause of sample loss. If a good vacuum 
is not maintained less than the full cell volume is used for 
collection. 

(c) deposition of radon daughters on non-conductive chamber walls (glass, 
plastic) may be uneven and result in variation in counting 
efficiency, although this effect is remedied by the application of a 
conductive coating. 
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Two-filter Tube 

The two-filter Method was developed by Thomas and Le Clare (1970). This 
method uses a cylindrical tube which is fitted at both ends with filter 
holders for collection of radon daughters from the air so that only radon 
enters the tube. As radon progresses down the inside of the tube, RaA is 
produced and a fraction is collected at the exit filter. The radon daughter 
activity on the insioe of the exit filter is proportional to the radon 
concentration in air. This method provides a rapid *ay of oetermining radon 
concentrations in air, with a lower limit of detection of approximately 0.4 
Bq/1 (10 pCi/1). 

Large two-filter tubes with much higher sensitivities have been 
constructed so that environmental background radon and thoron concentrations 
can be measured (Schery et al. 1980). 

The two-filter tube can be used to sample the air intermittently or 
continuously. 

The following precautions must be observed with this method: 
(a) the inlet filter must be well sealed around its edges. An 0-ring 

seal behind the filter is usually needed. 

(b) unused filters in the mining environment can become contaminated. 
Contamination can be avoided by keeping filters enclosed before and 
after sampling and by handling them with forceps. 

(c) the calibration of the air-flow meter must take into account the 
combined resistance of the two filters in series. This can readily 
De done experimentally with a wet test meter. 

(o) sampling and counting times must be measured accurately. 
(e) when used for thoron gas the transit time of air through the tube 

must be kept to less than approximately 6 sees, due to the short life 
of thoron (55 sees.), necessitating larger pumps. 

Passive Radon Monitor 
In this class of monitor, air containing radon diffuses through porous 

foam walls into an enclosure of defined volume. Within the enclosure, 
short-lived daughter products which are produced carrying a positive charge 
are concentrated onto a small foil by electrostatic collection using a voltage 
of 1000 volts. A TLD detector located directly behind the foil records the 
daughter product alpha activity. The monitor is intended to measure the 
average radon concentrations over periods of a week or longer. These devices 
use TLD nboons (thin chips usually CaF2:Uy) or track-etch films as the 
sensing material (Cowper ana Simpson 1979). The lowest level of detection is 
governea by tne natural garma ray oackgrouno in the area where the monitor is 
placed since the TLD materials are also sensitive to gamma radiation. An 
average raoon concentration of 1.5 x 1 0 - 3 bq/1 (0.04 pCi/1) gives an output 
equal to that produced oy a natural radiation background of 2mx per ween. 
Thus, with a "normal" gamma radiation background of about 2mR/week, exposure 
to an average radon concentration of O.lpCi/l shoulo yield a TLD output about 
25 times that due to background radiation. The "noise output" of the TLD 
reader indicated by reading unexposed ribbons is negligible. A secono TLD 
ribbon is used to monitor the gamma background. 
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The collection efficiency of the positively charged radon daughter product 

ions depends upon their mobilities which are reduced by the aggregation of 
water molecules around the ions in a humid atmosphere. Beds of silica - gel 
are used to make these devices independent of the moisture content of the air. 

Passive radon monitors using TLO materials are designed primarily to 
measure ambient radon levels within buildings, and do not have the sensitivity 
to measure normal environmental levels which are typically about a factor of 
ten lower (4 x 10-4 Bq/1). Nevertheless some operators have installed these 
monitors for environmental surveillance, generally with unsatisfactory 
results. Laboratory and field trials at ARL have shown a wide and 
inexplicable variation in sensitivity and suggest that substantial 
improvements in design are needed before they can be recommended as a reliable 
instrument. 

Radon Passive Track-Etch Detectors 
The passive track-etch detector system is attractive as no pump is neeued 

and this lowers the cost significantly. Different types of substrates have 
been used such as cellulose nitrate film, makrofol ana CR-39 polycarbonate. 
Track-etch detectors were developed for radon detection in the exploration of 
uranium and have been used in exploration in Australia. Although not 
effective in finding ore bodies, they have met with some success in detecting 
radon. 

Various authors have been treating the detectors before exposure to lower 
the background so that occupational levels can be monitored. Hassib (1978) 
and Massera et al. (1980) use an electrochemical pre-etching technique to 
prepare an unmarked surface. The electrochemical pre-etching technique may be 
used to discriminate between a single alpha particle which enters the detector 
directly from ambient air and those alpha particle clusters which are the 
result of multiple alpha decay emitted from aerosols deposited on the detector 
surface. Calibration in radon atmospheres of 4.04 nCi/1 where the equilibrium 
factor F (see section 5) equals 0.5 show a lowest detectable level of 6 WL 
hrs. For ventilated underground mines, with an equilibrium factor of 0.1 -
0.5 (Domanski et. al. 1979) and an exposure time of 3 months, this corresponds 
to 2.7 - 0.5 pC/1 (0.1 - 0.02 Bq/1). 

Track-etch detectors can become electrostatically charged and attract 
radon daughters to the surface. Recent work, by Chruscielewski et al. (1980) 
has shown that removal of electric charge from the surface of the film is 
necessary for reproducible results. Electrostatic negative charges on films 
produce calibration results that are dependent on tne equilibrium factor. A 
major problem is the calibration of the system against a standard raoon/raoon 
oaughter atmosphere taking into account the real aerosol concentration in 
ambient air (see below). Moreover these detectors are suoject to several 
variables which cannot be controlled namely humidity, temperature, fading ano 
particle concentration. 

MEASUREMENT OF AIRBORNE KADON/RAUON DAUGHTER CONCENTRATIONS 
bRUWTH OF RADON DAUGHTERS IN AIR 

The growth of short-lived raaon daughters in air from initially pure raoon 
(i.e. oaughter free) can be expressed by the following three differential 
equations. 

^ f - "*A CA + CRN *A ^ 

d C B = C A - C \ -(2) 
" ^ A B B B 
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__C = C & x c - C c x c -13) 

where CRR i S the radon gas concentration in air, assumed to be constant and CA» CB and Cc are the radon daughter concentrations in air in Bq/1. 
*A, *B and *C a r e t n e decay constants of (218p0) Raaium-A, (214pD) Radium-B and (214bi) Radium C respectively, (xp, = 0.227260 min-1, XB 
= 0.025864 min-1, x c = 0.035185 min-1.) 

t is the build-up time in air in minutes or the "age" of the air. 
The solutions to the above equations are: 

CRN= Constant . 
CA = CRN [1 -e"* A t3 
CB " CRN ^ " TV^T 

rV 
(x A-x B) 

-XRt 
e B ] 

-(4) 
-15; 

rV -x Bt - XA XB C f = C R N LI - XB XC e A - Vc 
(x B-x A) lx c-x A) (x A-x B)lx c-x B) (x A-x c)lx b-x c) 

e L J-(6) 

The working Level is defined as any combination of short-liveo decay 
products of radon (Radium A, Kaoium B, Radium C and Radium C ) in one litre of 
air which will result in the ultimate emission by them of 1.3 x 10 5 MeV of 
alpha particle energy. A measure of the radon activity in air is not an inoex 
of hazard of exposure unless the state of equilibrium with its decay products 
is also known. In some underground mines overseas, where the equilibrium 
factor is well known, radon concentrations alone are measured. In other 
countries, an equilibrium factor of 0.4 (Domanski 1979) is quite often assumed 
to estimate the Working Level. Working Levels determined in this way tend to 
overestimate the airborne daughter concentrations. Moreover the state of 
equilibrium frequently differs at different locations in the mine due to 
ventilation conditions, and is also dependent on the nature of the work being 
carried out in the mine. Therefore, the best and simplest approach is to 
measure the daughter concentrations in terms of Working Level directly. 

The ingrowth time of radon daughters in terms of Working Level is depicted 
in Figure 1 but this is not the full story. There can be mixing of "olo air", 
Ithat is near equilibrium air) with "young air", (far from equilibrium). This 
mixing can produce a number of daughter ratios not founo on the growth 
curve. This has been illustrated by Rolle 1972 and is shown as Figure 2 
where oaughter ratios fall within these two curves. Raaon daughter ratios in 
modern uranium mines have been plotted from George et al. (1972, 1977;. AKL 
experience has been that points lying outside these two curves are usually due 
to measurement errors. 

Once formed, a raoon daughter atom, which is generally formed as a 
positive ion may attacn itself to an aerosol particle, "plate out" onto any 
available surface, or survive for some time as an unattacned daughter. 
Because of its short half-life kaA is more likely to survive its lifetime 
unattached and hence is often founo to have a significant unattached 
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Figure 1. Growth of the total Working Level and the Working Levels 
of radon daughter as a function of time. 
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CI/CA 

Figure 2. Kanye of allowed Kadon daughter concentration ratios when 
"old" and "new" air 1s mixed. The curved line represents 
the activity ratios when Initially pure raoon decays (I.e. 
no mixing;. The straight line represents the ratios in 
the limiting case of mixing of old ana young air. The 
experimental points are the results of measurements in 
mines (George et al. 1972, 1977). 
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fraction. Not surprisingly, the unattached fraction depends very auch on the 
concentration of particles In the air, and high particle concentrations give 
rise to low unattached fractions (Ouggan and Howell 1969). In underground 
dlesel nines the unattached fraction typically lies in the range 5 - 10°/o. 
However in open cut Mines, the unattached fraction for RaA can be very such 
higher, particularly under conditions of good dust control, ana we have 
observed values in the range 20 - 70°/o. 

Plate out of daughters also occurs preferentially to negatively charged 
surfaces, such as plastic Materials (Chruscielewski 1980) and advantage has 
been taken of this phenoMenon to filter out radon daughters from Mine air by 
passing it through beds of SMall foaM plastic beads. Air Mixing also appears 
to enhance plate-out and this Method has been used to lower daughter 
concentrations in soMe Mines (KaufMan and Dinwiddie 1971). 

THE MEASUREMENT Of RADON DAU6HTERS 
The MeasureMent of radon daughters invariably Makes use of the fact that 

alpha particles are enitted in the decay processes, and these art very easy to 
detect and discriMinate froM background. All Methods of assessing radon 
daughter levels involve the filtering of daughters froM a known volune of air, 
and the MeasureMent of the alpha particle activity on the filter paper after 
saMpling. The actual activity Measured on the filter paper depends not only 
on the concentrations of each daughter in the air, but also on the length of 
tiMe that the air is sampled - this determines how Much of the filtered 
products decay through to RaC. Furthermore, the Measured activity depends 
also on the delay between saMpling and counting as the daughters continue to 
decay. The build up of radon daughters on filter Materials (assuMed to be 
100°/o efficient) during saMpling may be expressed by the set of equations 

at 

»IB - " ^ B + *B*A * QCB -(8) 
W 
al c = - A C I C + x c I B • QC C -(9) 
W 

where 1^, IB» IC represent the activities of RaA, RaB and RaC 
respectively on the filter and Q is the sampling flow rate. The above 
equations assume that the radon concentration and radon daughter 
concentrations are constant during sampling. The same equations, but without 
the source terms QC/\, QCB and QCg represent the decay of activity on the 
filter paper at the end of sampling. The solution of these equations, for the 
two alpha activities Ia(t) and I^ft), at time t after a sampling interval 
t s is straightforward but intricate ana is given by 
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0 C "Vs "V 
I.(t) « g CA (1 - e A $ ) e * -(10) 

*A 

I c (t) - Q e c 5t (l-« c *) • 4 (1- x c e ' 
*C *B T I ^ T 

- ^ e ^ S ^ A ( 1 - V c « ^ s - V c e " V s 

^ V t 1 *A < W l W (i*-*,J(*£-*•> 

- V B « ^ ) • S ( 1 - e ^ S • ^ (1-^B e " V s 

(AA-xc)(xg^cJ A, * A A 8 - X A 

XA" XB XB *C~*B V*C 

• ^A ( 1 - e A $ ) ^C V B e A • V B e B 

xA xA U rx A)(x c-A A) U A - V < W 

• V B e c -(ID 
( x A - x c ) ( x B - x c ) 

Thus, we can write for the total alpha activity at time t 
I(t) - I A(t) • I C(t) - «1 C A • « 2 C B • « 3 Cc -(12) 

where «i, «2 and •* are time dependent coefficients which depend boot on 
the sampling duration and the time delay before the activity is measured. 

The quantity we seek to determine, the radon daughter concentration 
expressed in working Level units is related to the concentration of each 
daughter by the relationship 

WL - 0.0278 C A • 0.1370 C B • 0.1008 C c -(13) 
and a complete determination requires separate knowledge of C A, Cg and 
c c. 

The contribution from each daughter obviously depends on the relative 
proportions of each, usually expressed as the ratio 1 : CB/C A : CC/C A, and this in turn depends on the "age" of the air. At one extreme, very 
"young" air containing only RaA has a daughter ratio 1:0:0, while at 
equilibrium the ratio is 1:1:1. Figure 3, (after Rolle 1972) illustrates the 
way in which the filter activity, measured in disintegrations per minute per 
litre of air sampled is related to Working Level* as a function of observation 
time for a variety of radon daughter ratios. 

* to convert an activity in disintegrations per minute to WL, divide by the 
sample volume and the factor f, obtaineo from Figure 3. 
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One straightforward but limited method for estimating raaon daughters is 

the Kuznetz method (RuimeU 1*54), in which it is assumed that the daughters 
are in equilibrium when the sample is taken, and a single •easmumnt of the 
activity is made sometime between 40 end 90 minutes, when the 1:1:1 curve of 
Figure 3 is changing only slowly with tin*. The measurement routine is 
staple, and has the advantage that sampling and counting tines are well 
separated. This is frequently convenient, as a radiation safety officer can 
take a nunber of saaples relatively quickly around a aine or Bill, and count 
than later under laboratory conditions, law*Mr, the method suffers from the 
severe deficiency that it is substantially in error for "young" air, and the 
further disadvantage that much of the activity has decayed by the time the 
aeasurement is made. 

A rather better aethod requiring only a single measurement of the filter 
activity is the Roll* Staff aetaos, modified for use with counting equipment 
rather than instantaneous ratemeters. holie observed that at a particular 
tine after sampling (t.t minutes for the example given), all of the curves of 
Figure 3 lie fairly close together, and the conversion factor varies by no 
more than • 12«/o, independent of the age of the air. The practical 
application of this aethod, again modified for counting methods is described 
in detail in Leach and Lokan (1979). 

At the other extreme, the modified Tsivoglou Method, which requires the 
counting of the filter three times, completely determines C A, Cg and Cc 
and hence the daughter concentration in Working Level units. This method, 
which is also described in Leach and Lokan (1979), is time consuming, taking 
about 40 minutes per measurement, but very valuable for detailed checking of 
the age of the air, and the radon daughter ratios. 
Spectroscopic methods 

It was pointed out earlier that energy discrimination offered the 
possibility of distinguishing between alpha particles from RaA and RaC'. 
Jonassen and Hayes (1973) have developed a method, employing a high resolution 
alpha detector, and two counting intervals after sampling. This is 
potentially a very accurate aethod, but cannot be used readily under field 
conditons because it neeos highly stable laboratory electronics and good 
quality vacuum systems. 

An interesting variation has been proposed by Groer (1973) and developed 
commercially as a sophisticated working Level instrument*. Alpha particles 
from RaA and RaC we resolved during the counting period, ana at the same 
time the activity from RaB and RaC is measured by detecting the beta particles 
which pass through the back of the filter. The beta contribution from RaC is 
inferred from its alpha activity and the RaB activity obtained by difference. 
The instrument is complex, but can provide a wealth of information on daughter 
concentrations and daughter ratios as well as a measurement of the working 
Level. 

A number of other methods have been developed (Hill 1975, Miller 1976, 
Schiager 1977, James and Strong 1973) which make particular approximations to 
limit the complexity of counting, or choose particular combinations of alpha 
and beta detection. Their relative strengths and weaknesses wt reviewed 
elsewhere (Holub and Droullaro 1977, Johnson 1978). 

\ 
• Harshaw Environmental Working Level Meter. 
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Figure 3. Variation of filter activity with time for various radon 
daughter concentration ratios (Rolle method - see text). 
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Personal Radon Daughter Dosimeters 

Ideally, employees in uranium mines should have available personal air 
sampling monitors which measure their individual integratea radon aaughter 
exposures. Several such aosimeters are under development (Phillips et al. 
1978, McCurdy et al. 1969), but are not yet in wide use. In general a 
personal dosimeter takes the form of a small air sampling pump and filter 
assembly, which is worn by the individual and which filters a known quantity 
of air during a working shift. Radon daughters are trappea on the filter, ana 
impinge upon a nearby alpha sensitive detector (either a piece of track etch 
film or a thermoluminescent chip) which is subsequently removed ana its alpha 
particle exposure assessed. Track etch film has the merit that it 
discriminates clearly between alpha particles and gamma radiation but the 
disadvantages that it is time consuming to reaa, and requires a scrupulously 
consistent etching procedure to ensure a constant sensitivity. TLD chips on 
the other hand, while easy to read, are sensitive to gamrca raaiation and the 
alpha particle exposure can be obtained only by taking the difference between 
the alpha- and gamma- exposed chip and a second one which senses only gamma 
radiation. A prototype dosimeter of this type, using CaSO^Dy as its TLD 
material has been developed at ARL, and appears to perform satisfactorily 
under field conditions. Its lowest detectable exposure is about 1 WL hour at 
an air sampling rate of 0.5 1/min. 

Recently Durkin (1979) has described a dosimeter which detects alpha 
particles from the filter with a surface barrier detector and determines the 
integrated exposure by conventional pulse height analysis and pulse counting. 
While this approach promises a higher sensitivity it may prove to be less 
robust under field conditions than the track etch or TLD detectors. 

The WL for radon and thoron must be determined separately. The maximum 
permissible exposure for radon daughters is 4 WLM per year and thoron 
daughters is 40 WLM per year. It is prudent to note that radon daughter 
dosemeters, using alpha energy resolution, can be interfered with by the 
presence of thoron daughters in air. Thus, the working Level for radon and 
thoron daughters must be determined separately. 

THORON DAUGHTER MONITORING 
The monitoring of thoron daughters turns out to be rather simpler in 

practice than radon daughters as the first daughter with a long enough half 
life to form significant accumulations is ThB (10.6 hours) (cf Tables 2 
and 3). Altnough not an alpha emitter itself, it is the most abundant source 
of atoms available for decay though ThC and T h C . Because of the longer 
half-life of ThB, thoron daughters are fairly easy to control, and one air 
change per 10 minutes limits the thoron daughter alpha particle energy to 
approximately l°/o of its potential. By contrast the same ventilation rate 
only limits the raoon alpha energy to 18°/o of its potential. Briefly, the 
relatively long half life of ThB leads to another important consequence, 
namely that since the lung clearance time is only a few hours (Jacobi 1964) a 
smaller fraction of the total alpha particle energy is deposited in the lung, 
and the corresponding maximum permitted limits of exposure to thoron daughters 
are less stringent. While it is likely to be revised downwards in the future 
(because of an improved understanding of lung dynamics), the present maximum 
permitted exposure to thoron daughters unoer the Code of Practice is 40 WLM. 
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The deposition and decay of thoron daughters on a filter paper may be 

analysed in much the same way as we have done earlier for radon daughters, and 
may be expressed by the following differential equations: 

9 I B » - X B I B + QCB -(14) 
W 

' JC « -A CI C + X C I B • QCc -(15) 

where Ig and Ir, represent the activities of ThB and (ThC-ThC*)*, CB and 
Cr, are their concentrations in air, and *B « 1.086x10-3 min -I Ar, = 
1.144x10-2 min-1 are the corresponding decay constants. Again, the same 
equations, without the source terms QCg, QCc describe the subsequent decay. 

The solution of these equations is: 

I B (t) « < K B (1 - e b s ) e B -(16) 
W 

I c ( t ) « Q C B l - x c e b S - x B e L s e c + Q C B ( l - e B s ) 

*B X C ~ X B X B ~ X C X B 

"A r* I _ A A I '•A (* v *"A gs I* 

x c e D - e t + Q C c l - e t s e L - (17) 
X C~ X B x ( 

Again, alpha counting is the preferred technique with Ir. being the measured 
quantity. Two measurements of Ir are sufficient to determine uniquely the 
quantities C^ and Cg which may then be used to compute the corresponding 
thoron daughter level in Working Level Units. If we choose measurement times 
of 150 and 240 minutes and a sample time of 60 minutes, for example, the 
concentrations of ThB and ThC may be derived from equations (16) and (17) as 

C B - 1 0 ^ (-1.99 I 1 5 Q * 5.56 I ) 
Q « 

C c - 10_1 (33.03 I 1 5 0 - 32.69 l^) 

where I ^ Q and 1240 are the net count rates (cps) at 150 minutes ana £40 
minutes after sampling. CR and CQ are expressed in units of Bq/1. c is 
the efficiency of the counter. 

* As the half life of ThC is short (0.3»sec) it may be considered as part 
of the decay of ThC. 
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Again, the corresponding thoron daughter concentrations in Working Level 

units may be expressed as the sum of alpha particle energy contributions from 
each isotope, and given by: 

(WL)Th - 3.289 CB + 0.3114 Cr. 
where CB and Cc are the respective concentrations of ThB and ThC in 
Bq/litre. 

A somewhat simpler field technique, in which a single observation is made 
after 5 hours (i.e. when ThC is in equilibrium with ThB) has been used by Rock 
(1975), and yields for the thoron daughter working level 

( W L ) T H * TVF 
where R is the count rate after 5 hours (min-1) 

V is the volume sampled (litres) 
c is the efficiency of the detector expressed as a fraction 

and F is a time dependent factor, which is illustrated in Figure 4. The 
factor F is derived for an equilibrium mixture of ThB and ThC (a daughter 
ratio of 1:1), but, for extreme disequilibrium (1:0) the difference in the 
calculated Working Level is only 4°/o because of the dominant contribution 
from ThB. 

However, the Rock method is valid for short sampling intervals only (up to 
1 hour), as no allowance is made for thoron daughter decay over longer 
intervals. 

Routine field methods for determining radon and thoron daughter mixtures 
have not been developed, as the occurrence of comparable quantities of each is 
very unlikely. However, in some circumstances the presence of modest 
concentrations of thoron daughters must be allowed for (after separate 
measurement) when radon daughter levels are being assessed. 
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TIME AF1ER SAMPLING hr». 

Figure 4. Factors for converting disintegrations per minute per 
litre of air sampled, 5 to 17 hours after sampling, to 
Thoron-daughter working levels. 
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Chapter 8. ICRP - Radiation Protection Principles and Practice 

R. M. FRY 
Supervising Scientist for the Alligator Rivers Region 

Abstract. A brief survey is given of the history of ICRP, its basic 
standards and recommendations and their rationale, from its foundation in 1928 
to the latest major review of its recommendation in 1977. In this time the 
basic radiation standard for whole body irradiation of a radiation worker has 
dropped from the equivalent of 50 r per year (in 1934) through 15 rem per year 
(1954) to 5 rem per year in 1958. ICRP recommendations include maximum 
permissible doses for particular organs and a comprehensive list of derived 
limits governing the intake of radionuclides into the body, and dose limits 
for members of the public. Emphasis in current radiation protection practice 
is on avoiding all unnecessary exposures and keeping doses as far below dose 
limits as is reasonably achievable. The use of cost-benefit analysis to 
optimize protection and some of its inherent difficulties, is discussed. 

INTRODUCTION 
Radiation protection had its beginnings in the early years of the century 

amongst the radiologists, physicists and engineers who were developing the use 
of X-rays and radiations from radium for medical purposes. By the middle of 
the 1920's radiation protection recommendations had been formulated in a 
number of countries and in 1928 the International Congress of Radiology 
established an "International X-ray and Radium Protection Committee". This 
Committee, with a change in name in 1950 to the "International Commission on 
Radiological Protection" (ICRP), has functioned continuously since its 
formation. 

The ICRP is a truly international body with its members chosen "on the 
basis of their recognised activity in the fields of medical radiology, 
radiation protection, physics, health physics, biology, genetics, biochemistry 
and biophysics, with regard to an appropriate balance of expertise rather than 
to nationality". There are twelve members of the Commission at present 
(1977-1981) plus the Chairman, Professor B. Lindell of Sweden; the Scientific 
Secretary is located in London. 

The ICRP has established four Standing Committees to assist it in the 
assessment and review of scientific information and in the development and 
explanation of its recommendations. The four Committees and their terms of 
reference as presently structured are: 

Committee 1 on Raoiation Effects 
Committee 1 assesses the risk and severity of stochastic effects and the 
induction rates of the non-stochastic effects of irradiation. It 
considers the modifying influence of exposure parameters such as dose 
rate, fractionation of dose, RBE, spatial distribution of dose and any 
synergistic effects of chemical and physical factors. 
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Committee 2 on Secondary Limits 
The basic function of Committee 2 is to oevelop values of secondary 
limits, based on the Commission's recommended dose-equivalent limits. For 
the immediate future the committee Mill be fully concerned with the 
preparation of secondary limits for internal irradiation; because of this, 
matters to do with the derivation of secondary limits for external 
irradiation will, for the time being, be considered by Coramitee 3. 
Committee 3 on Protection in Medicine 
The Commission considers that its relationship to the International 
Congress of Radiology and its traditional contacts with the medical 
profession warrant the establishment of a committee specifically concerned 
with radiation protection in medicine. Matters of particular concern to 
the committee include protection of the patient in radiodiagnosis and 
radiotherapy and protection in nuclear medicine. Committee 3 will 
temporarily be concerned with the development of secondary standards for 
external radiation. 
Committee 4 on the application of the Commission's recommendations 
Committee 4 provides advice on the Commission's system of dose limitation, 
and on protection of the worker and the public. The Committee also serves 
as a major point of contact with international organisations concerned 
with radiation protection. 

The Committees meet at least once a year, task groups of the Committees 
meeting more frequently. Committees and the main Commission, together with 
representatives of a number of international bodies having responsibilities in 
the field of radiation protection, meet together approximately every two years. 

The Commission has an official relationship with the World Health 
Organisation (as a non-governmental participating organisation) and the 
International Atomic Energy Agency. Close working relationships are also 
maintained with the United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR), the International Labour Office (ILO), the United 
Nations Environment Programme (UNEP), the Nuclear Energy Agency (OECD/NEA) and 
the European Economic Community (EEC). The Commission is represented by 
observers at a number of meetings organised by these bodies; all of the above 
bodies are invited to send representatives to the Commission's meetings with 
its committees. 

Further information on the rules governing the selection and work of the 
ICRP, its publications, its membership and the membership of its Committees 
can be found in the introductions or appendices to a number of the ICRP 
publications (see the Annals of the ICRP). 

Since they first began to appear in the early 1930's, the recommendations 
of the ICRP have been widely accepted by national authorities and have formed 
the basis of radiation protection standards and regulations round the world. 
The United Nations family of international organisations (IAEA, WHO, ILO, 
UNSCEAR, UNEP) rely heavily on ICRP recommendations in their approach to 
radiation protection problems and in the formulation of standards, as do the 
EEC and the OECD. At the present time a major review of European "Basic 
Safety Standards for Radiation Protection" is being carried out by an Advisory 
Group jointly sponsored by IAEA/WHO/ILO/0ECD/NEA) with the aim of 
incorporating the latest ICRP recommendations - those in ICRP Publication 26, 
published in 1977 - in the radiation protection regulations that must be 
implemented by member states under the various charters of those international 
oryanisations. 
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In Australia, the first radiation protection legislation that was enacted, 

in the early 1950's, by all States (but not by the Commonwealth, though the 
State legislation was based on a model act drawn up by the Commonwealth) was 
essentially the contemporary ICRP recommendations. The National Health and 
Medical Research Council has throughout the years largely endorsed current 
ICRP recommendations in its recommendations on radiation protection standards 
and practices, and the Australian "Code of Practice on Radiation Protection in 
the Mining and Milling of Radioactive Ores" draws heavily upon the ICRP 
principles, criteria and standards as they existed before the publication of 
ICRP Publication 26. 

Although the ICRP has been the major international organisation to which 
national authorities have referred for guidance in radiation protection, some 
national bodies, particularly the (now) National Council on Radiation 
Protection and Measurement (NCRP) of the USA, have been most influential in 
the development of radiation protection philosophy. The relative contribution 
of the ICRP and the NCRP to radiation protection thinking, concepts and 
practice particularly in the 1930's and just after the War, has been 
disentangled by L.S. Taylor, a foundation member of both boaies, and still 
very active, in his monograph on the history of radiation protection standards 
(Taylor 1971). That the work of the ICRP and NCRP often ran parallel, that 
concepts and standards were often identical and expressed in similar words, is 
not surprising. There was a significant common membership of both 
organisations and of course North American experience in radiation protection 
just after the War was equal to none. Or Taylor has also recently published a 
massive and minutely detailed history of the ICRP and NCRP up to 1974. 
(Taylor 1979). 

HISTORY OF ICRP RECOMMENDATIONS 
Only the briefest outline of the history of ICRP recommendations can be 

given here. The evolution of concepts, the development of criteria and 
standards and the mutual interaction of NCRP and ICRP thinking make this 
history most complex and those wishing a definitive account should consult the 
books of Taylor (1971, 1979) mentioned above. A brief note on ICRP dose 
limits up to 1977 has been published by Or Sowby, Secretary of ICRP, and 
provides a sufficient summary of major recommendations up to the mid 1960's 
(Sowby 1979). For our purposes the history may be divided into four 
reasonably definable periods. 

1928-mid 1950's 
This period saw the development of radiation protection from a largely 

qualitative set of rules designed to guard against what was by then the 
obvious hazards of over exposure to X-rays and radium in radiology and 
radiotherapy, to a reasonably coherent set of criteria and quantitative 
standards, based on a developing science of radiation dosimetry, but a 
deficient understandiong of the effects to be guarded against, and applicable 
to an enormously enhanced range and variety of radiations and radiation 
sources and opportunities for human exposure. The period began with the 
adoption and promulgation by the Second International Congress of Radiology in 
1928 of the first "International Recommendations for X-ray and Radium 
Protection", a slight, 1500 word document with no mention of tolerance doses 
or maximum permissible doses, and ended with the publication by the ICRP in 
1955 of a comprehensive 90 page report containing detailed recommendations of 
the main Commission and a number of its Committees. These covered permissible 
doses for external and internal radiation, protection against X-rays from 5 kV 
up to over 2 meV and against beta rays, gamma rays and heavy particles 
including neutrons and protons. 
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mid 1950's to early I960's 

During this period more sophisticated metabolic and dosimetric models for 
internal dose calculation were developed and applied, the maximum permissible 
doses and recommendations became more comprehensive and systematically 
presented and advances in radiological knowledge led to increasing emphasis on 
genetic and possible long term somatic injuries, accompanied by more detailed 
analyses of such basic concepts as permissible exposure when applied to 
radiation workers, individual members of the public and large sections of the 
population. The major publications during this period were ICRP Publication 1 
the Recommendations of the ICRP adopted September 1958, that remained current, 
with minor amendment, until ICRP Publication 9 became available in 1965; and 
the report of Committee II on Permissible Dose for Internal Radiation 
published in 1959 as ICRP Publication 2. The 1958 Recommendations, as amended 
in 1959 and 1962, and a supplement to the 1959 Report of Committee II, were 
published as ICRP Publication 6 in 1964. Until the latest ICRP 
recommendations relating to internal radiation, viz. those published in 1979 
as ICRP Publication 30, become incorporated into radiation protection 
practice, "ICRP 2" and "ICRP 6" will continue to provide the basis for the 
control of intake of radioactive material in the nuclear energy activities of 
the world. 

1965-1977 
This was a period of consolidation for the scientific basis of radiation 

protection and of clarification of its objectives. These were now stated to 
be "to prevent acute radiation effects and to limit the risks of late effects 
to an acceptable level". Radiobiological studies were leading to more 
consistent estimates of the long term risks of low (at least "lowish") levels 
of radiation exposure and the linear hypothesis became a fundamental 
assumption of protection philosophy. This in turn required the ICRP to 
explicate its concept of risk and acceptable risk and led it to formulate 
explicitly the principle that "all doses should be kept as jow as is readily 
(reasonably) achievable, economic and social considerations being taken into 
account", the so called ALARA principle. Although the ICRP and NCRP had for 
some years been recommending that radiation exposures be kept "to the lowest 
possible level", this was for reasons of ignorance of what the effects of 
radiation might be and notions about cumulative injuries rather than to reduce 
the probability of a stochastic somatic risk. These concepts were developed 
in ICRP publication 9 (adopted September 1965) and are, with only minor 
amendments, the Recommendations of the ICRP at present incorporatea in 
radiation protection regulations and practices throughout the worlc. 

ICRP Publication 22, a report of Committee 4 of ICRP, was published in 
1973 to clarify the implications of the Commission's recommendations that all 
doses be kept as low as reasonbly achievable. 

Since 1977 
1977 saw the publication, as ICRP Publication 26, of the Recommendations 

of the ICRP adopted in January 1977. This comprised the results of a complete 
review of the 1965 Recommendations and is still being assesseo by 
international and national bodies. While not introducing radically new 
concepts, 1CRP 26 pursues relentlessly the logical implications of the linear 
hypothesis and aims at a self-consistent presentation of protection philosophy 
and practice based on up to date radiation risk factors placed in the 
perspective of other risks accepted in industry and everyday life. The ICRP 
has developed the cost/benefit balancing ideas on reducing exposures to levels 
as low as reasonbly achievable suggested in ICRP 22 so that the emphasis in 
radiation protection is now on "optimisation of protection" rather than merely 
keeping within dose limits. This approach, together with the more 
sophisticated methods proposed for assessing risks associated with non uniform 



136 
exposures, plus soae practical difficulties In Implementation and obscurities 
in the Commission's intention in places, has created problems in translating 
these Recommendations into regulatory requirements. 

Some of the more significant aspects of the Recommendations developed 
during each of these periods will be summarised. 
Recommendations to 1955 

In the International Recommendations for X-ray and Radium Protection 
adopted by the International Congress of Radiology in July 1928, the objective 
of radiation protection is stated to be to guard against the known effects of 
over-exposure to X-rays and radium viz. 

"(a) Injuries to the superficial tissues; 
(b) Derangements of internal organs and changes in the blood." 

Dangers of over-exposure are to be avoided by the provision of adequate 
protection and suitable working conditions. These include appropriate working 
hours (not more than 7 hours a day, 5 days a week; one month's holiday a 
year) well ventilated, spacious X-ray rooms, adequate X-ray tube shielding 
(thickness of lead were given as a function of generating voltage) avoidance 
of exposure to scatter, and some sound advice on the handling of radium and 
radon (good ventilation, handling as far as possible during "its relatively 
inactive state" - i.e. before the build up of the short-lived daughters, 
especially the high energy gamma emitter RaC (Bi214) _ beware of beta rays). 

A "tolerance dose" was recommended by the ICRP for X-ray exposure in 1934. 
"The evidence at present available appears to suggest that under 
satisfactory working conditions a person in normal health can 
tolerate exposure to X-rays to an extent of about 0.2 international 
roentgens (r) per day" (ICRP 1934). 

This was considered to be equivalent to l(H>r/sec and to 1 r per week. 
The tolerance dose appeared to be related to some fraction of the threshold 
erythema dose and was a dose at which no observable effects on the skin would 
be expected. 

The roentgen had been adopted by the International Commission on 
Radiological Units as the unit of exposure in 1928. 

In 1934 the ICRP had said that "no similar tolerance dose is at present 
available in the case of radium gamma rays". However in 1937 this restriction 
was not maintained and 1 r per week became the tolerance oose for X- and gamma 
rays ano remained so until 1950. 

The practice and foundations of health physics developed enormously during 
World War II, particularly in North America. Ideas and information were 
exchanged in a series of "Tripartite Conferences" between the USA, Canada and 
the UK held in 1949 and the early 1950's and became available to the ICRP. 
The Recommendations emerging from ICRP meetings between 1950 and 1954 were 
consolidated in a major report, Recommendations of the International 
Commission on Radiological Protection (Revised December 1, 1954) published as 
Supplement No. 6 of the British Journal of Radiology 1955. By this time the 
ICRP Recommendations were more soundly based and more comprehensive than 
previously and had begun to take on the format acnd flavour of today's 
recommendations. 
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The new Recoaaendations comprised a nuaber of "peraissible Meekly doses" 

expressed in roentgens, rads or reas, for specified critical organs (see Table 
1). together with a listing of recoaaended aaxiaua permissible body burdens 
and aaxiaua peraissible concentrations in air and water for soae 91 
radionuclides applicable to occupational exposure. These aaxiaua peraissible 
body burdens and concentrations were calculated for a "standard aan" using 
best available biological data relating intake of a nuclide (by ingestion or 
inhalation) in soluble fora to its distribution and retention in critical body 
organs and physical data such as radioactive half life, decay scheae and 
energy of eaitted radiations. Intake of a radionuclide Mas liaited to ensure 
a calculated aaxiaua peraissible critical organ dose rate of 0.3 rea/week; 
except in the case of alpha eaitters localised in bone, where the aaxiaua 
peraissible body burden was United to ensure that the dose to bone is no 
greater than that which would be delivered by a body burden of 0.1 nCi of Ra 
226 (990/0 of which is assuaed to be in the skeleton). 

A nuaber of points aade in the 1954 Report should be noted: 

TABLE 1. Suaaary of Peraissible Meekly Doses for 
Occupational Exposure ICRP 1954 

Tissue 
Peraissible Weekly 

Dose 
Peraissible Annual 

Dose 
rem rem 

Blood forming organs 0.3 15 
Gonads (impaired 

fertility) 0.3 15 
Lens of the eye 

(cataracts) 0.3 15 
Other critical organs 

(except thyroid) 0.3 15 
Thyroid 0.6 30 
Skin 

basal layer of epidermis 
hands, forearms, feet, 
ankles, head, neck 

0.6 
1.5 

30 
75 

Absorbed dose, with the new unit rad (accepted by the ICRU in 1953) 
was used for the first time. The rem dose for any ionising radiation 
was also defined as equal to the dose in rads multiplied by an 
appropriate R.B.E. (compared with X-rays having an average specific 
ionization of 100 ion pairs per micron of water) (p.19)*; 

The aim of radiation protection is to minimise the deleterious 
effects of ionising radiation manifestable in the lifetime of the 
individual. Genetic changes, it was considered, do not under present 
conditions, constitute the limiting factor in setting permissible 
levels of occupational exposure (p.15); 

From mere the numbers in brackets after statements refer to the page or 
paragraph of the relevant ICRP Publication where the statement appears. 
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"Permissible weekly dose" is defined as "a dose of ionizing radiation 
accumulated in one week of such magnitude that, in the light of 
present knowledge, exposure at this weekly rate for an indefinite 
period of tine, is not expected to cause appreciable bodily injury to 
a person at any time during his lifetime". 

"appreciate body injury" means "any bodily injury or effect that 
a person would regard as being objectionable and/or competent 
medical authorities would regard as being deleterious to the 
health and well-being of the individual (p.15); 

The organs considered "particularly vulnerable" to radiation injury 
were considered to be the skin (basal layer of the epidermis) blood 
forming organs, gonads with respect to impaired fertility (not 
genetic concerns) and eyes with respect to cataracts (p.16); 

no account is given of the particular kino of injury of concern 
in the case of skin irradiation; nor is a definition given of 
blood forming organs, except that they an. located 5 cm below 
the surface of the skin, nor is any explanation given as to why 
they vt particularly vulnerable. 

(Sowby, ibid, points out that at the 1949 Tripartite Conference, 
the blood forming organs were considered to be the spleen ana 
bone marrow, situated 5 cm below the surface of the body, and 
that they were considered critical for the development of 
leukaemia. 

The concept of a critical organ for internal exposure is defined as 
"that organ of the body receiving the radioisotopic that results in 
greatest damage to the body". 

this is not necessarily the organ that receives itself the 
greatest damage since some body organs are less vital than 
others; nor is it necessarily the organ accumulating the 
greatest concentration of radioactive material, since there is 
great variation in the radiosensitivity of organs (p.26): 

The ICRP recommends that "in the case of the prolonged exposure of a 
large population, the maximum permissible levels should be reduced by 
a factor of ten below those accepted for occupational exposures" 
(P.10). 

it is not clear whether this is meant to apply to individual 
members of the public or to average doses received by large 
groups; 

the reason appears to be to ado a safety factor when exposures 
are maintained o^tr the lifetime of many individuals ano not 
concern for genetic damage, although it is acknowledged that 
"the safety factor of 10 will reduce the risks of genetic damage 
that art a consequence of a large average exposure to the 
population (pp.24,57); 

It is strongly recommended that "every effort be made to reduce 
exposures to all types of ionizing radiations to the lowest possible 
(practicable) level" (pp.10,15); 
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although this sounds very like the ALARA formulation of a later 
ICRP, the reason given is not the minimisation of collective 
dose (either to reduce genetic damage or the expectation of 
stochastic somatic injury) but "the incomplete evidence on which 
the values are based, coupled with the knowledge that certain 
radiation effects are irreversible and cumulative" (p.10); 

Exposure at maximum permissible doses is considered to involve a 
"negligible risk", is small compared to the other hazards of life" 
(pp.10,57); 

it is suggested that exposure at natural background levels, in 
which man has evolved, could be absolutely "safe" (p.15). 

Recommendations 1956 to 1962 
The Recommendations published in 1954 were developed between 1950 and 

1953. By 19156 a new set of recommendations had been drafted. After a number 
of reviews and redrafts the new Recommendations were adopted in September 1958 
and published in 1959 as ICRP Publication 1. Most people, however, consulted 
these recommendations in perhaps the ICRP's most well-thumbed publication, 
ICRP Publication 2, "Report of Committee II on Permissible Dose for Internal 
Radiation (1959)", which contained the 1958 Recommendations and some 1959 
amendments and explanatory statements as accompaniment to the Committee II 
Report. The Recommendations were further revised in 1962 and published, 
together with some supplementary material to the Committee II Report, in ICRP 
Publication 6 (1964). 

The period during which these developments took place was one of great 
activity for the rapidly growing discipline of health physics, due both to the 
large national efforts going into research and development in the peaceful 
uses of nuclear energy and to growing concern about the atmospheric testing of 
nuclear weapons, especially thermonuclear weapons. (The Bikini H-bomb, with 
its fallout and irradiation of the Japanese "Lucky Dragon" fishermen, was 
exploded in 1954). Events having a significant influence on the development 
of the science and practice of radiation protection were: 

the First Atoms for Peace Conference, Geneva 1955, a number of 
volumes of the proceedings of which were devoted to radiation 
biology, genetic effects of radiation, radiation dosimetry and 
detection, radiation protection etc. 

a great controversy on the value of the "doubling dose" for 
genetic damage developed at that time; 

the establishment of the United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR) in December 1955 which 
immediately began a review of the genetic effects of radiation, the 
effects of internal and external irradiation, naturally occurring 
radiation, medical exposures and environmental radioactivity; 

the publication in 1956 of two authoritative reviews of the hazards 
of ionizing radiation 

"The hazards to man of nuclear and allied radiations" by the 
U.K. Medical Research Council (Cmnd 9780, HMSO 1956); 
"The biological effects of atomic radiation - Summary Reports, 
1956" by the U.S. National Academy of Sciences - National 
Research Council (Washington D.C. 1956) 
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A major conclusion of these reports was that the genetic hazards of 
radiation were linearly related to dose with no threshold and that 
potential genetic damage should determine radiation protection 
standards; 
the establishment of the International Atomic Energy Agency (IAEA) in 
1957, a major interest of which was to be health and safety in the 
nuclear energy industry; 

the series of USA Congressional Hearings held by the Joint Committee 
on Atomic Energy, beginning in 1957, which published an enormous 
amount of information on the hazards of ionizing radiation and probed 
endlessly into questions of safety, risk and radiation protection 
standards. 

The new ICRP maximum permissible doses are summarised in Table 2. 
The Report of Committee II presents a listing of the maximum permissible 

body burden and the maximum permissible concentrations in air and in water for 
some 240 radionuclides and represents a major revision and updating of the 
corresponding information in the 1954 recommendations. New biological and 
physical data and new and refined methods of calculating internal dose, 
especially for exposure of the GI tract and for radioactive decay chains, were 
employed. Limits on intake are calculated for soluble and insoluble materials 
to ensure that the maximum permissible doses specified for various tissues and 
categories of exposure (essentially 0.1 rrm/wk for whole body exposure and 0.3 
rem/wk for exposure of a single organ in m e case of occupational exposure; 
one tenth for individual members of the public), are not exceeded under 
conditions of continuous exposure. In the case of alpha and beta emitting 
radionuclides that localize in bone, the maximum permissible body burden is 
determined by direct comprison with Ra 226. A maximum permissible body burden 
of Ra 226 had been established on clinical data at 0.1 »ci. This is 
calculated to deliver an absorbed dose rate to the bone of 0.56 reir/week. 

Detailed metabolic, chemical and biological data on the standard man, plus 
all necessary physical and dosimetric data, are provided. 

Points to be noted about the 1958/62 Recommendations are: 
Accumulating evidence on the carcinogenic effects (particularly 
leukemia) possible life-shortening and genetic effects of radiation 
plus concern about the growing number of people that co"ld become 
exposed to radiation with the development of nuclear energy, led the 
ICRP to conclude that the life-time accumulated whole boay dose 
permitted to those occupationally exposed of 750 rem (15 rem/y x 50 
years) was probably too high (2). A limit was therefore placed on 
the rate at which whole body dose (blood-forming organs and gonads) 
might be accumulated with age according to the formula: 

D = 5(N-18) rem 
where N is the age in years (47); 
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TABLE 2 : Summary of Maximum Permissible Doses for 

Exposure of Individual? ICRP 1958-1962 

Tissue 

Occupational Exposure 
rems 

Adult 
Non-

Radiation 
Worker 
rem/y 

Members of 
the Public 

Weekly quarterly 
13 weeks 

Annually 

Adult 
Non-

Radiation 
Worker 
rem/y rem/y 

Gonads, blood-forming 
organs 0.1 3 5 1.5 0.5 

Women of reproductive 
age 0.1 1.3 5 

Other single organs 
Skin, thyoid, bone 
Hands, forearms, 
feet, ankles 

0.6 
1.5 

8 
20 

30 
75 

2.0 
7.5 

3.0 
7.5 

Other external organs 
(including lens of 
eye) 0.3 4 15 1.5 1.5 

The objectives of radiation protection are now stated to be to 
prevent or minimize somatic injuries (leukemia and other malignant 
diseases, impaired fertility, cataracts and shortening of life) and 
to minimize the deterioration of the genetic constitution of the 
population (25); 
The critical tissues for whole body irradiation are now only blood 
forming organs and the gonads. The eye is no longer considered a 
critical tissue (except for high LET radiation) nor is the skin (27); 
The concept of "permissible dose" now contains two elements, what is 
permissible for an individual and what for the population at large: 

the permissible dose for an individual is defined as that dose, 
accumulated over a long period of time or resulting from a 
single exposure, which in the light of present knowledge, 
carries a negligible probability of severe somatic or genetic 
injuries; furthermore, it is such a dose that any effects that 
ensue more frequently are limited to those of a minor nature 
that would not be considered unacceptable by the exposed 
individual and by competent medical authorities (31); 

The ICRP now (in 1962) states that "the basis of the Commission's 
recommendations is that any exposure to radiation may carry some 
risk. The assumption has been made that, from the lowest levels of 
dose, the risk of inducing disease or disability in an individual 
increases with the dose accumulated by tne individual ..." (32.b). 
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The Commission also assumes, "on the basis of some evidence", that at 
low dose and low dose rate exposures, the risk of injury is also 
independent of dose-rate (32.e). Having now accepted the linear 
hypothesis with no threshold for both somatic as well as genetic 
effects the ICRP was forced to consider more explicity the concepts 
of acceptable risk, the balancing of risks of exposure against the 
benefits of the practice and the risk associated with recommended 
maximum permissible levels. 

in 1962 the ICRP stated that "for radiation workers of the last 
generation, exposed subject to the maximum permissible levels of 
that time, the risks of somatic effects are comparable with or 
less than those of the majority of other trades and professions, 
and would therefore be considered as not unacceptable (32.b); 

The ICRP prefaces the section of its Recommendations on "maximum 
permissible doses" with the statement 

"It is emphasized that the maximum permissible doses recommended 
in this section are maximum values; the Commission recommends 
that all doses be kept as low as practicable, and that any 
unnecessary exposure be avoided". (45). 

This is the beginnings of the ALARA concept and optimisation of 
protection. 
The recommendation on the maximum permissible doses for individual 
members of the public is clear. These are now one tenth of the 
levels proposed for occupational workers because the population at 
large contains children for whom it is considered a lower dose to the 
gonads and blood forming organs should apply. (57); 
A "maximum permissible genetic dose" to the whole population from all 
sources of radiation additional to natural background is suggested at 
5 rem plus the lowest practicable contribution from medical 
exposure. (64). This is effectively a limiting mean caput dose to 
the population at large of 5 rem over the period from conception to 
the mean age of child-bearing (assumed to be 30 years), i.e. 0.17 
rem/y. 
- a suggestion was made as to how tne 5 rem maximum permissible 

genetic dose might be apportioned between different sources of 
exposure (65) viz; 
Occupational exposure 1.0 rem 
Exposure of adult workers not 
directly engaged in radiation 
work 0.5 rem 
Exposure of the population at 
large 2.0 rem 
Long term Reserve 1.5 rem 

The concept of a "critical group" for planning the control of 
exposure of members of the public had its origins in these 
Recommendations (39); 
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Recommendations dealing with the accounting of accidental, once in a 
lifetime high exposures, emergency exposures, the exposure of women, 
pregnant women and the fetus are also included. (49) to (Sle); 

Limitations are proposed on the intake of soluble uranium because of 
its chemical rather than radio-toxicity (52f) 

inhalation maximum intake 2.5 mg/oay 
ingestion maximum intake 150 mg averaged over 2 days 

Recommendations 1965 to 1977 
A new and comprehensive statement of the Commission's basic principles and 

Recommendations was released in 1966 as ICRP Publication 9. Many of the 
principles and dose limits advocated by the Commission remained unchanged 
though there is a greater emphasis on the concept of risk and acceptable risk 
and the need to balance risks against benefits and to reduce risks as far as 
is reasonably achievable below recommended maximum permissible doses. 

The maximum permissible body burdens and concentrations given in ICRP 2 
and ICRP 6 are unchanged by anything in ICRP 9. 

The Commission now identifies only two categories of individuals who may 
be irradiated and for whom recommendations on the limitation of exposure are 
given 

a) adults exposed in the course of their work for whom "maximum 
permissible doses" are recommended; 

b) members of the public for whom "dose limits" are prescribed (41). 
These dose limits are given in,Table 3. They are essentially the same as 
those in ICRP 6 except for some relaxation on permissible quarterly quotas and 
a reduction in the dose limit for the thyroid of children under 16 years; 
there is some evidence that the thyroid tissue of juveniles may be more 
radiosensitive than that of an adult. (73) 

The following points arising in the ICRP 9 Recommendations are of interest: 
The objectives of radiation protection are to prevent acute radiation 
effects (i.e. those manifesting themselves within a few weeks of 
exposure) and to limit the risks of late effects to an "acceptable 
level". Late effects may have a latent period of tens of years. (3) 

Late somatic injuries include leukaemia and other malignant diseases, 
cataracts, skin damage, impaired fertility and possibly 
"non-specific" ageing. (6) 

The ICRP assumes, for the purposes of radiological protection, a 
linear relationship between dose and effect and that doses act 
cumulatively and independent of dose rate. It is admitted that this 
may not be scientifically correct, but it is considered to be 
unlikely to lead to the underestimation of risks. (7) 

The term dose is everywhere meant to be "Dose Equivalent" = absorbed 
dose x Quality Factor (and possibly other modifying factors). 
Quality Factors are defined in terms of LET; the QF for alphas is 
10. (17) 

As a consequence of the linear hypothesis it must be assumed that any 
exposure to radiation may carry some risk for somatic and hereditary 
injury i.e. there is no wholly "safe" dose of radiation. 
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TABLE 3 : Summary of Dose Limits for Exposure of Individuals ICRP 1965 

Maximum Permissible Dose 
Organ or Tissue rem Dose Limit 

Annual Quarter reta/year 

Gonads, red bone 
•arrow (whole body) 5 3 + 0.5 

Skin, thyroia, bone 30 15 3* 
Hands, forearms, feet, 

ankles 75 38 7.5 
All other organs 15 8 1.5 

+ 1.3 rem/quarter for women of reproductive capacity (62) 
* 1.5 rem/y to the thyroid of children under 16 years of age (73) 

An "acceptable" or "permissible" dose would therefore be one where 
exposure associated with an activity had been reduced to such a level 
that individuals and society considered the residual risk to be 
balanced by the benefits expected from the activity. (34) 
ICRP recommends that any unnecessary exposure be avoided and that all 
doses be kept as low as is readily achievable, economic and social 
considerations being taken into account (the ALARA principal) (52). 
In the case of controllable exposures (sources) exposures should be 
set at a sufficiently low level so that any further reduction in risk 
would not be considered to justify the effort required to accomplish 
it (47) ("optimisation of protection" in the words of ICRP 26) 

the hazards associated with exposure at the residual level 
should not exceed those that are accepted in most other 
industrial or scientific occupations with a high standard of 
safety (47) 

The risks to members of the public from man made sources of radiation 
should be justifiable in terms of the benefits that would otherwise 
not be received; and should be less than or equal to other risks 
regularly accepted in everyday life (47). Justifiability and 
compatability of risks are themes developed in ICRP 26. 

The genetic dose limit of 5 rems (additional to the dose from natural 
background radiation and from medical procedures) remains (86) but no 
illustrative apportionment of this limit is given since the ICRP 
believes the numbers it gave in ICRP 1 were misused (89). 
The ICRP discusses again (it was briefly mentioned in ICRP 6 at para 
(66)) the concept of a "somatically significant" population dose 
which, on the basis of the linear hypothesis, would be an index of 
the somatic risk to an exposed population (95). This is a 
forewarning of the use, in ICRP 26, of the collective dose equivalent 
as a measure of "detriment" in an irradiated population. 
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In addition to discussions of basic principles and dose limits the ICRP 

has always in its Recommendations given some guidance on operational radiation 
protection including the design of protection and monitoring programs and 
record keeping. These recommendations have been supplemented and explicated, 
particularly in later years, by publications of the various ICRP Committees -
especially Committee 4. (The formal Recommendations of the ICRP and the 
supplementary reports used to be published as brown cover reports; other 
reports comprising reviews and discussions were published under blue covers). 

Important "brown cover" reports published during this period were: 
ICRP Publication 7 "Principles of Environmental Honitoring related to the 

Handling of Radioactive Materials" (Report of Committee 4) 1965 

ICRP Publication 10 "Evaluation of Radiation Doses to Body Tissues from 
Internal Contamination due to Occupational Exposure" (Report of 
Committee 4) 1968 

ICRP Publication 10a "The Assessment of Internal Contamination Resulting 
from Recurrent or Prolonged Uptakes" (Report of Committee 4) 19 

ICRP Publication 12 "General Principles of Honitoring for Radiation 
Protection of Workers" (Report of Committee 4) 1968 

ICRP Publication 22 "Implications of Commission Recommendations that Doses 
be kept as Low as Readily Achievable" (Report of Committee 4) 1973 

ICRP Publication 24 "Radiation Protection in Uranium and other Mines" 
(Report of Committee 4) 1976 

ICRP 22 will be discussed below in the context of the implications of ICRP 26. 
RECOMMENDATIONS SINCE 1977 

ICRP 9 and the above reports represent contemporary radiation protection 
practice in most parts of the world including Australia. Although the 
Commission has carried out and published in ICRP Publication 26 in 1977, a 
comprehensive review of its Recommendations, these are taking some time to 
find their way into national and international regulations. Note however that 
the Australian National Health and Medical Research Council, at its 89th 
Session June 1980, has recommended the application of radiation protection 
standards for individuals based on relevant parts of the recommendations of 
ICRP 26. 

This tardiness in implementing ICRP 26 is having little effect on the 
efficacy of radiation protection practice since the 1977 Recommendations do 
not require major changes in standards or operational radiation protection as 
presently conducted. There is little fundamental change in the objectives of 
protection, basic concepts or the numerical values of dose limits. What is 
being advocated is a change in emphasis away from dose limits, to a more 
systematic and thorough-going application of the AL.WA principle in all 
exposure situations. 

There are however many changes in units and definitions, in the 
formalisation of the system of dose limitation, a more consistent and logical 
approach to the quantification of risks and the specification of dose limits, 
and invitation to a more formal application of cost-benefit analysis methods 
to the optimisation of protection. 
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The basic dose-eqtivalent limit for stochastic effects, for workers, 

recommended in ICRP ?» is 50 mSv (5 rem) for uniform irradiation of the whole 
body. The dose limit proposed for an organ is that dose equivalent that 
represents the same risk of inducing a fatal cancer in that organ as does 
uniform whole body irradiation by 50 mSv of inducing a fatal cancer anywhere 
in the body. To determine these individual organ limits it is of course 
necessary to know the risk factor relating organ dose and the probability of 
occurrence of a fatal cancer in that organ. The ICRP reviews the risk factors 
for six specific organs/tissues and five remaining organs and proposes the 
values given in Table 4. 

Although the Commission no longer recommends the use of separate annual 
dose-equivalent limits for individual organs irradiated singly (111), the 
implied values of such limits are also listed in Table 4. 

TABLE 4 : Dose Equivalent Limits Implied by the Risk Factors 
Given in ICRP 26 

Tissue/Organ Effect Risk Factor Weighting 
Cases/106/rem Factor 

"T* 

Stochastic 
Limit 
mSv 

Recommended 
Limit 
mSv 

Gonads Hereditary 
(two gener
ations) 

40 .25 200 200 

Breast Fatal breast 
cancer 

25 .15 333 333 

Red bone 
marrow 

Fatal 
leukaemia 

20 .12 417 417 

Lung Fatal lung 
cancer 

20 .12. 417 417 

Thyroid Fatal thyroid 
cancer 

5 .03 1670 500 

Bone surfaces Fatal bone 
cancer 

5 .03 1670 500 

Remainder 
5 tissues 

Fatal cancer 
5 x 10 5 x .06 833 500 

Eye Cataract - - - 300 
(150 in 1980) 

Whole body Total risk 165 1 50 50 

Wj is a weighting factor representing the proportion of the 
stochastic risk resulting from a given tissue (T) relative to the 
total risk when the whole body is uniformly irradiated. 
The recommended dose-equivalent limit after application of the 
non-stochastic limit of 500 mSv/y for all tissues except the lens 
of the eye for which 300 mSv/y was recommended. (The limit for the 
lens was lowered by the ICRP in 1980 to 150 mSv/y). 
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Total risk associated with 50 mSv/y 

Implied stochastic limit = uniform irradiation 
Risk factor 

= 825 cases.iOS/mSv 
Risk factor 

= 50 mSv/y 
*T 

Over and above the stochastic limit, a non-stochastic limit of 0.5 
Sv (50 rem) per year is recommended for all tissues except the lens for 
which 0.3 Sv (30 rem) per year is proposed (103). (The limit for the 
lens is now 0.15 Sv/y). 

If a number of tissues (T) are irradiated to different dose 
equivalents Hy, the effect of this, in terms of mortality risk, would 
be the same as if the whole body has been irradiated uniformly to the 
dose-equivalent level 2 W T H T. 

T ' ' 
This sum is called the "effective dose equivalent" and is designated H£ 

i.e. 

H E = S H y H T Sv 

Only a few of the more important aspects of the new Recommendations can be 
noted here. 

The "stochastic" effects of radiation are those like cancer and 
genetic damage for which the probability of an effect occurring, 
rather than its severity, is a function of dose, without threshold. 
"Non-stochastic" effects are those for which the severity of the 
effect varies with the dose and for which there may be a threshold 
(7); examples are cataract formation, non-malignant damage to skin, 
impairment of fertility. 

The aim of radiation protection should be to prevent non-stochastic 
effects and to limit the probability of stochastic effects to levels 
deemed to be acceptable (9). 
The ICRP's system of dose limitation is formulated as 
"(a) no practice should be adopted unless its introduction produces a 

positive net benefit; 

(b) all exposures shall be kept as low as reasonably achievable, 
economic and social factors being taken into account; 

(c) the dose equivalent to individuals shall not exceed the limits 
recommended for appropriate circumstances by the Commission" (12) 

The implementation of the system of dose limitation in relation to a 
practice involving radiation exposure therefore requires: 
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a justification - by some form of balancing of costs and benefits; 
but since the issues involved usually have wide societal 
implications (e.g. should nuclear power be proceeded with) the 
justification analysis is generally not part of radiation 
protection; 

an optimisation - by some form of cost-effectiveness analysis to 
ensure the practice is being carried out at a sufficiently low 
level of harm (measured by the collective effective dose 
equivalent in the irradiated population) so that any further 
reduction in dose would not justify the incremental cost required 
to accomplish it (72) 

a compliance with dose limits - to ensure that though collective 
dose may be minimised, the distribution of individual dose is not 
skew resulting in some individuals being subjected to a 
disproportionate risk (76). Note that dose limits are not 
considered appropriate when the individual (or group) benefitting 
from the practice is the only recipient of any radiation 
exposure. Thus no dose limits are prescribed for the medical uses 
of radiation, though the dose received by a patient to achieve 
sore diagnostic or therapeutic purpose should be minimised. 

"Detriment" within an irradiated group is the statistical expectation 
of harm incurred from the exposure taking into account not only the 
probability of damage but its severity (16). Assuming that harm is 
directly proportional to dose (the linear hypothesis), detriment (in 

terms of, say, the induction of fatal cancers) G, is proportional 
to the collective dose equivalent, S. (24) 
i.e. G r S lethal effects 

where r = risk factor for induction of fatal cancers 
cases/10^ man sieverts (manrem) 

S = collective dose equivalent in man sieverts 
(manrem) 

An attempt is made to compare the risk associated with radiation 
work, where radiation protection follows ICRP recommendations, and 
that associated with other occupations. The Commission believes that 
with a dose limit of 50 mSv and implementation of the ALARA 
principle, the mean annual caput dose equivalent amongst workers in 
the nuclear energy industry is only one tenth of the dose limit i.e. 
about 5 mSv/y. The individual risk of fatality associated with this 
(risk factor 1.25 x 10-2 sv-1, 1.25 x 10-4 rem-1) is about 60 
deaths/lO^/year, which is characteristic of industries with a high 
standard of safety (100) 

- there is no doubt that risk in the nuclear industry, if all 
workers received the dose limit of 50 mSv (5 rem)/year, would put 
it amongst the less safe industries (600 deaths/10&/year). 

- there is some uncertainty about the actual distribution of annual 
dose equivalents among nuclear energy workers, and its mean, in 
different parts of the industry, and consequently some argument 
about the "safeness" of the industry and the adequacy of the 
standards; 
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- the ICRP say that lowering dose limits would not be particularly 

effective in improving safety if this is considered necessary; 
what would be required is a more conscientious application of 
ALARA and optimisation of protection. 

A similar comparison of dose limits proposed for members of the 
public - 5 mSv (0.5 rem) per year, which, it is claimed, is likely to 
result in average dose equivalents of less than 0.5 mSv provided 
practices exposing the public are few and cause little exposure 
outside the critical groups (121) - indicates that the implied risks, 
of around 6 x 10-5 per year, are in the range of acceptability of 
fatal risks to the general public (118) 

- nevertheless it is recommended that for those members of the 
public likely to be subject to exposure over long periods of time, 
(life-time exposure) actual annual dose equivalents should be 
limited to 1 mSv/y (100 mrem/y) (119). 

The intake of radioactive material is now to be limited so that the 
consequent irradiation of all organs - no longer the critical organ 
as required in all previous Recommendations - is limited to meet the 
new dose effective dose equivalent limits. ICRP Committee 2 is 
completely reviving the ICRP 2 and ICRP 6 to provide annual limits on 
intake (ALI) for radionuclides calculated according to the new scheme 
and taking into account new information on the uptake and retention 
of radioactive materials in body tissues and better data on 
radioactive decay schemes available since 1964. ALI's are determined 
by calculating that annual intake of a radionuclide that neither 

delivers an effective dose equivalent rate ( « W,H T) in 
T ' ' 

excess of 0.05 Sv per year, nor delivers a dose equivalent rate in 
any tissue in excess of the non-stochastic limit of 0.5 Sv per year 

non-stochastic effects are limiting in about 20°/o of cases 
e.g. the inhalation of very insoluble material when irradiation 
of the GI tract would be determining, and plutonium intake where 
damage to bone is limiting; 

the ALI's for the isotopes of 21 elements have been published in 
ICRP Publication 30 Part I "Limits for Intakes of Radionuclides 
by Workers" (1979). ALI's for other elements are in press plus 
a large amount of supporting information and documentation; 

the new ALI's are not very different from those implicit in ICRP 
2, in general being within a factor of 2. Where big differences 
arise, as with the alkaline earths, they are due not to the new 
sum of organ risks calculation scheme, but to improved data on 
the uptake and retention of elements in body tissues and on the 
decay schemes of some nuclides; 
compare the ALI for Ra-226 for occupationally exposed adults of 
7 x 10 4 Bq with the 8 x 10 4 pCi (« 3 x 103 Bq) per year 
implicit in ICRP 2; the new ALI is a factor of some 20 less 
restrictive (due largely to the new metabolic data); 
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the ALI's at present available are applicable only to adult 
workers and cannot be used directly for children and members of 
the public. 

The effective quality factor recommended for alphas is now 20 
(previously 10) (20). 

Additivity of Exposure Risks 
Just as the effective dose equivalent resulting from the irradiation of 

all the organs in the body due to the intake of a radionuclide is the quantity 
now to be limited, so the total risk resulting from the irradiation of a 
number of body organs from a number of different sources is to be taken into 
account. In the case of simultaneous external whole body irradiation and 
irradiation of one or more organs due to the intake of radioactive material, 
the risks associated with each exposure are to be compounded to ensure that 
the total risk remains below prescribed limits. 

If an individual is subjected to a series of exposures delivering "doses" 
Dl» C>2> ^3 •••» t n e maximum permissible doses for which are l\, L2, 
L3 ... respectively, the total risk will remain within acceptable limits if 

Sfit < l 
1 Li * 

For this appraoch to be internally consistent the various annual limits 
must represent the same risks. Strictly speaking, the above expression 
requires the terms Di and L^ to be expressed in units of dose equivalent. 
However the spirit of this approach is followed in the proposed "additivity 
rule", whereby the total dose equivalent, D, from all sources other than radon 
daughters is combined with the radon daughter exposure, WLM, in such a way that 

D + WLM £ 1 
5~ T 

This assumes that the exposure to 4 WLM constitutes the same risk as that 
arising from an effective dose equivalent of 5 rem (50 mSv). Using a risk 
coefficient of 200 fatal lung cancers/lO^/WLM, (Fry, 1977) 4 WLM is a risk 
of 8 x 10-4; this is somewhat in excess of the ICRP assessment of risk 
associated with 5 rem effective dose equivalent viz. 5 x 1.25 x 1 0 - 4 = 6 x 
10-4. The weighting factors, Wj, as determined ensure the 
self-consistency of the effective dose equivalent approach of the ICRP, but 
this system is not designed to accommodate lung exposures expressed in terms 
of WLM. 

The ICRP has recently looked into the question of dose limits for radon 
daughters. There is doubt about the epidemiologically determined risk 
coefficient to within a factor of 2, and similar uncertainty (or larger) in 
dose calculations and conversion to lung cancer risk. The ICRP believes, 
however, that there is a reasonable degree of consistency between these 
approaches and has proposed an annual exposure limit for radon daughters of 
0.02 J, which under reasonable assumptions corresponds to approximately 5 
WLM. Making allowance for simultaneous exposure to external gammas and other 
sources in average mines would require, says the ICRP, a reduction in this 
limit of about 20°/o. 
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Note that with an annual exposure limit of 5 WLM for radon daughters, the 

additivity formula simply becomes 
rems + WLM < 5 

However, conversion to the preferred S.I. units destroys the simplicity of 
this formula. 

Strict application of the additivity requirement will, of course, require that 
account also be taken of lung and other organ exposures due to other 
radionuclides in the uranium decay chain. 

Note also that the epidemiologically determined risk coefficient for radon 
daughter exposure must contain in some measure, a component representing risk 
due to gamma exposure which was present in the mining environment (at least in 
those data obtained from uranium miners). This had given rise to some doubts 
as exactly how to apply the additivity formula in the case of uranium fining. 

OPTIMISATION OF PROTECTION 
The ICRP believes that improvements in radiation safety are now less 

likely to come from lowering dose limits than from a concerted campaign to 
reduce exposures wherever they arise to the lowest level reasonably 
achievable. While radiological safety throughout the world is p-obably in a 
fairly satisfactory state, there are doubtless innumerable situations in which 
all unncessary exposures are not being avoided and where opportunities exist 
where it would be cost-effective to spend more money on improving protection. 
(It may also be that too much attention is being paid in some situations to 
radiological safety, particularly when compared to the effort being devoted to 
the reduction of risks from other causes.) 

How does one know whether one has, in fact, spent enough money on 
radiation protection. Or, if the application of the ALARA principle becomes a 
requirement in legislation and codes, how does a licensee convince a 
supervising authority that in the design and operation of his activity, all 
exposures have been reduced to an acceptably low level. There are two 
approaches to the solution of the latter problem. One is for the supervising 
authority to establish generic numerical standards, design and performance 
criteria and objectives with which the licensee must comply; these will, in 
effect, define what is considered to be the achievement of ALARA. The other 
is for licensees to examine each situation ad hoc and to present a case to the 
authority attempting to prove that the proposed designs represent the best 
that is reasonable to do. The former approach is adopted in the USA by both 
the Nuclear Regulatory Commission and the Environment Protection Agency. The 
latter approach is more characteristic of UK and European practice. 

ICRP has given some indication, in ICRP Publication 22 (1973), of how it 
sees the implementation of the ALARA principle. ICRP 26 re-endorsed the ideas 
presented there and a Task Group of ICRP Committee 4 is exploring the whole 
subject of optimization of protection in greater oetail. A number of papers 
on the optimization of radiation protection where presented at the 
IAEA/ILO/WHO/OECD-NEA/ICRP Seminar on "Application of the Dose Limitation 
System for Radiation Protection" held in Vienna March 1979 the Proceedings of 
which are available. The paper by Beninson "Optimization of Radiation 
Protection" should be consulted for an indication of ICRP's thinking. Dr 
Beninson is a member of the main Commission of ICRP. 
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The net benefit of a product or practice is the benefit that is left after 

all the costs of producing it and all the disbeaefits associated with its 
production and use have been subtracted. For a practice involving radiation 
exposure, the ICRP expresses this elementary balance in the for* 

B - V - (P • X • Y) where 
B is the net benefit 
V is the gross benefit, and 

(P • X • Y) is the sua total of the costs, which should include 
all negative aspects of the practice including daaage 
to health, environment and aaenity; the costs are 
aade up of 

P the basic production cost (less the cost of radiation 
protection) plus the cost of all disbenefits other 
than radiation detriment 

X the cost of achieving a selected level of radiation 
protection 

Y the cost of the radiation detriment associated with 
that level of protection. 

In this formulation radiological factors have been entered explicitly. 

Justification of Practices 
Before discussing optimization of protection it may be north having a 

brief look at the first element in the ICRP's system of dose limitation - the 
"justification" requirement and its implications. 

This states that 
"no practice should be adopted unless its introduction produces a 
positive net benefit." 

Any practice, therefore, involving radiation exposure needs to be justified or 
assessed to be worthwhile. This will usually be done, either consciously or 
not, by weighing the perceived advantages and disadvantages of the proposed 
activity. Attempts can be made to formalize this balancing process by 
carrying out cost-benefit analyses of varying degrees of sophistication. One 
is looking to compare the total detriment, i.e. the sum of all the negative 
aspects of the activity including monetary costs, risks to human health or the 
environment, plus more intangible penalties, with the total benefit which, 
likewise, is likely to contain a number of largely intangible elements. For a 
practice to be justified the detriment should be less than the benefit; i.e. 
the net benefit, e in the above expression, should be positive. 

It is generally recognised that justification in this sense is not the 
role of radiation protection authorities. The total costs and total benefits 
contain intangibles requiring societal judgements (even to specify, let alone 
to quantify) and therefore must be assessed by processes able to take account, 
in some appropriate representative manner, of the wishes of members of 
society, i.e. via some political institution. 

It is certainly true that radiation protection authorities have a vvy 
limited role in the determination of the justification of a practice of 
national importance which has -he potential for subjecting a large part of the 
population to significant radiation exposures. Nor would they have a role 
(except perhaps in advising on radiation risks and protection costs) in 
justification decisions in cases of the otner extreme, where the practice was 
being implemented by an indivudal, or a small group of individuals and 
involved only the exposure of that group. It may however be considered 
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acceptable (by society) for radiation protection authorities to make 
justification decisions in certain cases, for example, where benefits are 
small or zero (e.g. where the aim of the practice can be achieved more 
effectively by means not involving radiation) and the authority can be 
confident that the detriment would prove unacceptable to society even though 
it may be small. Examples might be the use of radioactivity in toys, 
radioluminescent toilet sets, radioactive contraceptive jelly. 

These aspects of the justification requirement are referred to in ICRP 26. 
paragraphs (68) to (71) where it is emphasised that the net benefit of a 
practice involving exposure to radiation may only be properly assessed after 
application of "the procedure of optimization". This will be achieved when 
the total costs arising in the practice by virtue of the fact that radiation 
is involved, is a minimum, i.e. 

XH + Y w - minimum 

where w represents some selected level of protection. It is assumed, of 
course, that the costs of X and Y are expressed in commesurate terms. 
The Radiation Detriment 

The radiation detriment may, at least in a first analysis, be considered 
to be the direct health effects arising from the radiation exposure remaining 
after the implementation of the given level of protection. 

A more realistic analysis might include along with the direct health 
effects (risk of cancer and genetic effects), non-direct health effects (e.g. 
anxiety over radiation) and even non-health detriments (e.g. restrictions on 
the use of certain aesthetically pleasing building materials, or on access to 
certain areas). Costing all such detriments would be difficult (some would 
say impossible) and attention is usually restricted to the direct radiation 
induced health effects. The radiation detriment is then the number of induced 
stochastic health effects which, under the assumed linear relation between 
dose and stochastic effects, is directly proportional to the collective 
effective dose equivalent in the exposed population. (In protection 
optimization one is concerned with individual doses much below the threshold 
for non-stochastic effects.) 

In relating detriment to effective dose equivalents one is limiting health 
effects to lethal malignancies and to serious genetic effects arising in the 
first two generations following exposure. This is because the weighting 
factors, as defined, only take mortality risks into account. (The concept 
could easily be extended to include morbidity and serious genetic effects in 
all future generations; the latter are considered to be double the number 
arising in the first two generations.) 

The radiation detriment, G, is thus. 

G - rS E 

where 
r * the risk factor for lethal effects 

- 1.7 x 10-2 Sv-1 (see Table 4) 

and Sj: is the colleztive effective dose equivalent in man sieverts and is 
the weighted product of effective dose equivalent, Hf, and number of 
individuals in the exposed group. (In some analyses it may be necessary to 
use the "collective effective rtose equivalent commitment"). 
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Cost of the Radiation Detriment 

The final step required to enable the optimisation exercise to be carried 
out is to express the radiation detriment in terms commensurable with the cost 
of protection, that is in dollar.;, if $a' is the value in dollars that 
society puts on the radiation induced health effects considered here (fatal 
malignancies and serious genetic effects arising in the first two generations) 
the cost of the radiation detriment, Y, is 

Y = o'G = a'r S E 

= a S[ dollars 
where 
a = a'r is the dollar value of the man sievert. 

There is obvious difficulty in chosing appropriate values of a'. This ir 
hardly surprising. There is no correct and universal value of a'. It does 
not, as is sometimes suggested, represent the dollar value of a human life, 
though it can be interpreted that way. In national assessments it is related 
to what society requires authorities to spend to avert a statistical health 
effect (usually death) in hazardous situations - on the roads, in the air, in 
mining, the nuclear energy industry, etc. - and it is different for different 
situations. Of course society does not explicitly lay down a* values for each 
industry, but in accepting (or not) policy decisions made by regulators, and 
the standards of safety in various industries, it unconsciously endorses (or 
does not) the value of a' implicit in these policy decisions. The value of 
human life implicit in the amount of money spent in various industries to 
avoid fatal accidents has been studied by T.C. Sinclair and his colleagues in 
the Science Policy Research Unit at the University of Sussex and is found to 
vary over orders of magnitude, from a few pounds to a few millions of pounds 
(see also 6.H. Mooney 1977). 

The fact that the dollar value assumed for a statistical* health effect 
averted, is different for different activities, indicates that it is not a 
pure concept representing only the value of a life. It must also reflect to 
some extent society's acceptance of the activity, its peculiar risks and the 
degree of control individuals feel they have over them, ana the quality of 
death associated with the activity. 

The U.S. Nuclear Regulatory Commission has proposed a value of "$1000 per 
total body man-rem and $1000 per man-thyroid rem (or such lesser values as may 
be demonstrated to be suitable in particular cases)" to be used in 
cost-benefit analyses connected with the assessment of rad-waste systems 
necessary to reduce the dose to the population within 50 miles of a light 
water cooled nuclear power station, with the ICRP total body risk factor of 
1.65 x 10-4 rem-1, the "implicit value of a human life" assumed by the 
nuclear regulators of the U.S.A. is thus 

••-£$,10-4 • » " » » 

This high value of o' proposed for the nuclear energy industry aoubtless 
reflects to some extent the public's general concerns about the industry, its 
unfamiliarity, the insidiousness of radiation and the auality of its health 
effects (cancer and genetic damage). 

Note that society is often prepared to spend much greater sums on saving 
an identified individual from death than on averting a no less certain 
statistical death. 



155 
Some suggested dollar values for the manrem are quoted in ICRP 22; they 

range from {10 to £250. The many approaches to putting a dollar value on 
human life are reviewed by Mooney (ibid). Peterson of the Australian Atomic 
Energy Commission (M. Peterson, private communication. 1979) has suggested a 
value of $500 per manrem and a value of a* = 2.6 x 10° as appropriate for 
Australian conditions. It will be suggested below that useful guidance in 
decision making about levels of protection may still be obtained despite a 
certain vagueness in the assumed value of a. 

Note that the dollar value of any unit of collective exposure to a toxic 
agent leading to stochastic fatalities can be assessed given a dollar value of 
a statistical life and the risk factor (assumed linear with no threshold). 
Thus with a risk factor of 200 lung cancers per 10 6 persons exposea to 1 WLM 
of radon daughters, the dollar value of a man-WLM, ag n, is 

o R n = (200 x 10-6) x (6 x 106) = $1,200 
Optimization 

With the cost of protection and the cost ot the radiation uetriment both 
expressed in dollars it becomes possible to consider the minimization of 
X w + Y w. The function to be minimised is 

xw + a S* = minimum 

and the optimized level of protection is obtained by differentiating this 
expression with respect to the level of protection and equating to zero i.e. 

dX . dS n d* +°dw" = 0 

Or gj = -a 

This will occur at some level of protection w 0, when the value of the 
collective dose is S 0 and the protection cost is X 0. 

Note that because of the third (dose-limit) condition of the system of 
dose limitation, the optimized collective dose, S 0, is subject to the 
constraint that no individual dose may exceed the dose limit. In this new 
formulation of the ICRP system of dose limitation, dose limits (the old 
maximum permissible dose) become boundary conditions in an optimization 
problem. 

In practice the optimization problems that will presen themselves will 
usually be the choice of the best (optimum) control or projection system from 
a range of discrete options given the cost and performance (in terms of the 
assessed collective dose that will obtain) for each option, it would be 
reasonable to require the use of control technology A, which is more 
expensive, and more effective, than control technology B, if 

XB " XA / 
*B *A 

The assessment will of course involve the use of a model relating 
collective dose to the efficacy of the protection technology. In the paper by 
Beninson cited above, an example, using Swedish data, is given of how this 
approach might be used to select an acceptable level of control for the 
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release of short-lived noble gases from a Boiling water Reacter. Four systems 
are considered, and the capital, installation and operating costs (assuming a 
40 year plant life) are estimated. Associated with the estimated radionuclide 
release for each system it is possible to calculate a collective effective 
dose equivalent in the population living in the vicinity using an atmospheric 
dispersion model and assumptions about population density and distribution, 
the behaviour of people as it might affect exposure (e.g. period spent 
indoors) etc. The protection cost and associated collective dose for the four 
options are given in the following table together with the corresponding 
values of AX/AS in going from one option to the next. 

Alternatives 

A 5 C D 

S (manrem) 12000 260 12 8 
X (Hftiollar) 2.32 3.26 4.66 9.32 
AX (106 dollar) 0.94 1.4 4.66 
AS (manrem) 11840 148 4 
-AX/AS (dollar/manrem) 79 9460 1165000 

The U.S.A. Nuclear Regulatory Commission with its stipulated value of 
$1000 per manrem would require the installation of system 0 rather than system 
A, but would not regard the additional expenditure on system C or system D as 
justifiable. It is almost certain that this would also be the decision of any 
authority, even one without a firm view on the value of a: all would be 
likely to consider it justifiable to ask for the expenditure of $80 to save a 
manrem; none would be likely to require the expenditure of anything like 
$9,000. Some optimization decisions are quite insensitive to the value of a. 

This approach, of looking at the values of AX/AS obtained in a comparison 
of a series of radwaste options to see if any conclusions stand out almost 
regardless of the value of a, has recently been carried out by an Expert Group 
set up by the OECD-NEA in a study of the control of the release of long lived 
gaseous from the nuclear fuel eyeIt, OECD-NEA (1980). The study provides an 
illustration of the optimization assessment method proposed by the ICRP and 
may prove useful to national authorities wishing to come to firm decisions on 
specific facilities in their countries. 

The formalism discussed here for optimization assessment is relatively 
untried in radiation protection practice. Some have cast doubts on its 
usefulness (see, for example, Weinberg (1978) for a severe rubbishing of the 
whole approach); even its staunchest advocates do not regard it as more than 
one of the pieces of information a design engineer needs to take into account 
in arriving at the best all-round solution to a radiation protection problem. 
Difficulties seen in the practical application of the method are aired in a 
number of papers to the IAEA Seminar on the dose limitation system mentioned 
above (IAEA 1979). (See, for example, the paper by G.A.M. Webb and R.H. 
Clarke.) 

A major problem with the method is the realistic determination of the cost 
of the collective effective dose equivalent. This is different from the usual 
situation in health physics where conventional practice is, when in doubt, to 
base protection on conservative estimates of dose, that is, deliberate and 
often gross overestimates, to make certain adequate allowance has been made 
for any lack of confidence in data and models. Over-estimation of the cost of 
radiation detriment in cost-benefit analysis could, however, lead to wasteful 
channelling of resources into radiation protection which might be more 
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effectively spent on reducing non-radiation hazards, and distort the 
competitiveness of practices involving radiation when compared with 
alternatives that do not. 

The cost of the radiation detriment has been given as 

Y - a'r S E 

which is based on the assumption of the linear hypothesis. Assumptions made 
in the three elements in this expression - the modelling which allows the 
calculation of the collective effective dose equivalent $£, the relationship 
between collective dose and effect, and the amount of money that should be 
spent to avert a health effect - all present opportunities for conservatism. 

There are two points to be emphasized about the linear hypothesis. First, 
it is an assumption and does not necessarily represent radiobiological 
thinking about the shape of the dose-response relationship especially in low 
dose, low dose rate regions of interest in radiation protection. It is an 
acknowledged simplifying assumption, generally believed to be conservative, at 
least low LET radiations, to assist regulators and operational health 
physicists in the formulation of practical radiation protection standards and 
practices. In that context one is not looking for scientific rigour, but a 
relatively simple rationale for radiation protection that can be implemented 
effectively and at reasonable cost. 

Secondly, without this assumption, the collective dose equivalent, which 
is the integration of the distribution of per caput dose equivalent within a 
group, becomes a relatively useless statistic. The collective dose equivalent 
may be a measure of the "total dose" received by a group of individuals but, 
without the linear hypothesis, it would no longer be a valid index of the 
health effects induced in that group by the exposure. (In the same way the 
use of the quantity "effective dose equivalent" as an index of the risk of a 
health effect in an irradiated individual is invalid if the linear hypothesis 
is not true.) Were the linear hypothesis not true, knowledge of the 
distribution of dose within a group would be necessary for the estimation of 
health detriments. In addition, there being no threshold, all individual 
doses, no matter how small, have associated with them a finite risk and must 
be counted towards the collective dose. That is, logically there can be no 
justification for a dose "cut off" in the integration of the individual dose 
distribution. 

While the linear hypothesis is agreed to be a prudent and useful 
assumption in normal health physics practice its strict application in the 
determination of radiation detriment for cost-benefit assessments has been 
queried. Modifications that have been proposed in the determination of 
radiation detriment are: 

use the more scientifically correct curvilinear dose-effect relation 
to assess health effects at low levels of individual dose thus 
de-emphasising the importance of low individual doses; 
retain the linear hypothesis but define a low dose (or low risk) "cut 
off" for individual dose, exposure below which would not be counted 
towards the assessment of collective dose; this would be acknowledged 
as a pragmatic assumption, justifiable in practical decision-making, 
which would preserve the utility of the linear hypothesis while 
recognising that it overestimated the contribution of low individual 
doses to the health detriment. The cut off (negligible dose or 
negligible risk) could be defined in a number of ways: 
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by comparison with background e.g. the standard deviation of the 
population-weighted natural background or some smaller fraction of 
"normal" background (say 10°/o, or lo/o of 1 mSv/y) 
by agreeing upon a negligible risk (for radiation protection 
purposes ) i.e. an individual risk so low that a rational 
non-eccentric individual would completely discount it when making 
decisions about the conduct of his life. (This is equivalent to 
making a a function of dose - see below.) 
note that an effective de minimis individual risk could legitimately 
be introduced by regulatory authorities to avoid devoting limited 
resources (the time of experts and money) to clearly low priority 
protection problems. A practice could be quickly determined to 
involve risks to individuals not exceeding some "analysis action 
level" whereupon further assessment of the practice would not be 
carried out. A similar analysis action level could be formulated on 
the basis of a de minimis collective dose. 

Conservatism introduced in the actual calculation of Sr need not detain 
us here. There are, of course, practical difficulties in developing realistic 
environmental and dosimetric models for the calculation of collective oose but 
no conceptual problems. 

The final component of the cost of the detriment is the dollar value of 
the man sievert, a = a'r. So far it has been tacitly assumed that a is 
independent of individual dose, He, but this is unlikely to represent the 
real world situation. Both the risk associated with a given exposure is, as 
discussed above, likely to decrease as the individual effective dose 
equivalent decreases i.e. r = r(Hg); and a' itself, representing not so much 
the dollar value of a human life as the money an individual is prepared to pay 
to avoid a risk of death, may also be a function of risk (ano dose). The 
value of a' could well be tied up with a person's perception of a risk and his 
apprehension of its seriousness. A yery low risk might not be perceived at 
all (i.e. there could be a "risk perception threshold") or, if perceived, 
considered to be of little consequence and not worth spending money to avoid 
(particularly his own money). At some higher risk a person is likely to be 
prepared to pay money to avoid it. That is, a case could be made that a' is 
an increasing function of risk (perceived risk ) and therefore of individual 
dose. This has been argued by Clark and Fleishman (1979) who have proposed 
that the dollar value of the man sievert should be a function of per caput 
dose equivalent. At low doses, 0.03 mSv and below, (using the concept of a 
risk threshold) they propose a constant a of about $20; this rises with 
increasing dose to about $5000 at the population dose limit of 5 mSv. 

The consequences of all this would be to make knowledge of the 
distribution of individual dose necessary for the evaluation of Y; the 
collective dose alone would not be sufficient. This is consistent with 
intuition. A practice which led to a collective dose made up of a large 
number of sma'il individual doses would be likely to be treated with less 
concern by a regulator or a health physicist than another, leading to the same 
collective dose, but comprising a number of exposures close to a dose limit. 
This was recognised by ICRP in ICRP Publication 22: 

"The concept of population dose (or collective dose) in man-rems has been 
widely used as a measure of the total detriment either to a whole 
population or to a group of people, who may be workers or members of the 
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public. Its use in this way is valid only for a linear, non-threshola 
dose-risk relationship, independent of dose-rate. Even granting these 
conditions, it requires some modification in practice (IS). 

"The use of the concept of population dose in the process of decision 
making should, therefore, be supplemented by consideration of the dose to 
individuals. At low levels of individual dose, e.g. those small by 
comparison with variations in local natural background, the risk to the 
individual is so small that his health and welfare will not be 
significantly changed by the presence or absence of the radiation dose. 
At levels of individual dose close to the relevant dose limits, the need 
to avoid occasional excessive doses, the restrictions imposed by 
regulatory bodies and the desire to reduce the radiation risk to 
individuals well below that to which they are otherwise exposed, mean that 
more effort has to be applied in practice to dose reduction than would be 
expected from consideration of the collective dose alone (16). 

"...in the region of individual dose near the dose limit, the need for the 
additional effort can be indicated by arbitrarily increasing the monetary 
equivalent of the man-rem, perhaps by a factor of 10 or so. (18)" 

Perhaps to use a variable a would be to try to put too much into a 
justification or optimization equation. There are, after all, other 
components of the radiation induced detriment that have not oeen taken into 
the concept of Y. The regulator will seek guidance only from cost-benefit 
equations; he will neither find certainty in them nor a formula for avoiding 
the use of common sense and judgement. 

A further major conceptual difficulty arises in accounting for health 
detriment when the health effects occur some time, often a considerable time, 
in the future, as is the case, for instance, when long-lived radionuclides are 
released to the environment. The problem is to provide a rational basis for 
deciding how much money should be spent now to avoid a health effect in the 
future. A common method of comparing benefits and costs that arise at 
different times is to normalise the value of all monies by discounting. The 
cost of attaining a given level of protection in cost-benefit anaylsis would 
be assessed in terms of its "present worth"; should not the same discounting 
be applied to the value of the health detriment? 

There appears to be some controversy about the answer to this question. 
One argument is that the question to be answered is the allocation of present 
resources to deal with a future effect and since one needs to allocate less 
present resources to deal with a future effect than with the same effect 
happening now, discounting is appropriate. Another is that once the decision 
on protection design and costs is made, and the controls implemented, the 
level of future harm is determined; nothing will be spent in future (at least 
not as a consequence of the present decision) to reduce the harm and so 
discounting is inappropriate. 

These seem to represent two different situations. In the first, the harm 
has not yet been done and money could be invested now (or future money could 
be used) to carry out some protection measures in the future; if the future 
works were all part of the present protection plan, discounting would be 
appropriate. In the second case the harm is an unavoidable consequence of 
today's decisions and accepting, as one is ethically bound to, that a health 
effect tomorrow is of no less concern than a health effect today, there shoulo 
be no discounting. 
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Discounting the value of future detriments over the long periods of time 

arising in some protection problems, thousands of years with the longer lived 
radionuclides - even with small assumed interest rates - rapidly insulates 
present decision making from concerns about the future. 

Many of the matters touched upon above are dealt with in greater detail in 
a discussion document prepared by the U.K. National Radiological Protection 
Board "The Application of Cost-Benefit Analysis to the Radiological Protection 
of the Public" (March 1980). 
U.S. ALARA Based Standards 

It has been pointed out that in the U.S.A., regulators tend to do the 
optimisation sums for the industry and lay down the numerical design 
objectives and standards that must be met to satisfy the ALARA criterion. 
Both the Nuclear Regulatory Commission and the Environmental Protection Agency 
have issued regulations of this kind. 

Applicants for a permit to construct a nuclear power reactor in the U.S.A. 
must include in their application, descriptions of the design of the radwaste 
systems to control the release of radioactive materials in both gaseous and 
liquid effluents during normal reactor operation. In addition, the applicant 
is required to demonstrate that these designs will keep the levels of releases 
to unrestricted areas "as low as is reasonably achievable". Appendix 1 of the 
relevant Code of Federal Regulations (10 CFR Part 50, App 1) specifies 

"Numerical guides for design objectives and limiting conditions for 
operation to meet the criterion "as low as is reasonably achievable" for 
radioactive material in light-water-cooled nuclear power reactor effluents". 

This regulation was first introduced in 1975. It requires (in summary) 
that the release of radioactive material above background from each 
light-water-reactor on a site to unrestricted areas shall not lead to a 
calculated annual dose to any individual in excess of 

for liquid effluents 3 mrem whole body 
10 mrem to any organ 

for gaseous effluents 10 mrem gamma air dose 
20 mrem beta air dose 

for radioactive iodine and 
particulates in atmospheric 
releases 15 mrem to any organ 

It is in this Appendix that the NRC stipulates that $1000 shall be used as 
the value of the man-rem in any cost-benefit calculations in connection with 
establishing that the ALARA criterion has been met. 

Additional restrictions are placed on the annual quantity of radioactive 
material that may be released in gaseous and liquid effluents to unrestricted 
areas, and on acceptable doses applicable to all light water reactors on a 
site. 

In 1977 the EPA issued its "Environmental Radiation Protection Standards 
for Nuclear Power Operations" 40 CFR Part 190. This regulation places upper 
limits on the radiation doses permissible to members of the public in the 
general environment and on the quantity of radioactive material that may be 
introduced into the general environment as a result of all operations in the 
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U.S.A. that are part of the nuclear fuel cycle. The standards (which apply to 
normal operations, i.e. planned discharges, only) are: 

Annual dose equivalent 25 mrem whole body 
75 mrem thyroid 
25 mrem any other organ 

Total quantity of radioactive 50,000 Ci Kr-85 
material released per gigawatt 5mCi 1-129 
year of electrical energy 0.5 mCi Pu-239 plus other a 
produced emitters with half-lives greater 

than 1 year 

Uranium mining is not, by definition in these regulations, part of the 
"nuclear fuel cycle" (milling, however, is) and doses resulting from exposures 
to radon and its daughters are not included under these standards. 

It is sometimes claimed that these ALARA based standards indicate that the 
USA authorities believe that the ICRP dose limits for members of the public 
(5 mSv per year) are too high and should be reduced. 

This is to misunderstand what has been done. The U.S. standards say 
nothing about dose limits; they merely specify how far below the dose limits, 
in the view of the U.S. regulatory authorities (and therefore, presumably of 
U.S. society), it is reasonable to require industry to work in certain 
specific operations within the nuclear industry. 
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ADDENDUM 

An Example of an ALARA Calculation 
J. F. Boas and T. N. Swindon 

Australian Radiation Laboratory 

The ALARA criterion can be applied to a situation involving a oecision as 
to wheter an open pit operation shall be conducted as one or two shifts. The 
source of risk is the enhanced radon levels in the pit during the second 
shift. The data and assumptions which may be useo are as follows: 

1. There is an increase of 1 HL in the radon exposure rate for the secona 
shift. Note that 1 WLM is the exposure to 1 ML for 170 hours. 

2. There are n men working each shift of 10 hours ouration for 6 oays per 
week and 30 weeks per year 

3. The value of.a human life can be calculated. Peterson calculated a figure 
of >A 2.6xlu6 in 1979 (H.CE. Peterson, private communication). This 
type of calculation is discussed by Fry (Chapter 8 this volume and 
references therein) and should now (1982) be adjusted for inflation etc. 
An alternative figure of JU.S. 6 x 10° is referred to by Fry (Chapter 8, 
this volume) and is derived from the U.S. Nuclear Regulatory Commission's 
proposeo figure of 91000 per man rem when used in a particular situation 

4. A value of the risk factor for enhanced lung cancers per man WLM may be 
estimated from available data as quoted by Solomon (Chapter 2, this 
volume). Excess mortality rates quoted by Solomon vary from 2.2 x 1 0 - 6 

cases per year per WLM to 6 x 10~° cases per year per WLM. Over a 30 
year period, this amounts to a range of between 66 and 180 x 1 0 - 6 cases 
per WLM. Other studies quoted by Solomon give a figure of up to 370 x 
10-6 cases per WLM exposure. For the purposes of this example let us 
use a figure of 200 x 10-6 lung cancers per man WLM (see also Fry 
Chapter 8). It should be noted that this risk factor only applies to lung 
cancers induced oy radon/radon daughter exposures ano does not include the 
risk factors due to other radiation effects, e.g. to external ^-radiation 
to various organs etc. 
Thus, the increase in population oose in changing from one to two shifts 

is (in man WLM) 

AS - nx1x10x6x30 man-WLM 
170 

» 10.6 n man-WLM per year 
The increase in social cost associated with this change in population dose 

is then 
AY - (2.6x11)6) x (200x10-°) x (10.6 n) (dollars A) 

* JA 5512xn per year of operation under the conditions specified 
above. 

Thus, on the ALARA principle, it is preferable to use a one shift system 
unless tne total cost of operating a 2 shift system is less than ?A 5512 per 
year more expensive than the 1 shift system per employee exposed. It shoulo 
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be notea that this considers only the effect of the increased working level 
leading to one particular hazard, and this type of calculation cannot be 
considered in isolation but aust for* part of a calculation of the total risks 
involved and the total costs incurred. 

As exanples of the type of factors which aay need to be taken into account 
one aright consider 

a. the cost of doubling the size of the workforce during the Mining 
period in terns of the extra accomodation and facilities requireo 

b. the cost of depreciation and/or hire of Mining equipaent for the 
doubled Mining period as against the doubled useage 

c whether it is intended to ail1 all the uraniua ore simultaneously 
with the aining or to stockpile it and ail1 at a later date (either 
wholly or partially) 

d. in the case of the foraer, what are the extra costs of a larger aill 
as against its possible increased hazards 

e. for the latter, the cost of using the aine as a tailings daa as 
against the cost of a separate tailings daa. 

It will be evident that quite apart froa these considerations which aust 
be taken into account, the values used for the risk factor and the value of a 
life aay critically affect tne calculations. 


