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(i) 

Preface 

Ihe development of mining and milling of radioactive ores in Australia has 
given rise to an increased possibility of the exposure of industry employees 
and members c f the public to ionizing radiation. As part of its 
responsibilities "to act as the focal point of national expert advice" in 
public and occupational health matters relating to radiation, the Australian 
Radiation Laboratory conducted a two week course entitled "Radiation 
Protection in the Mining and Milling of Radioactive Ores" in February 1981. 
Similar courses were conducted in February 1983 and in August I98S. During 
these courses, the participants' time was divided approximately equally 
between lectures and practical work. An A.R.L. Technical Report (ARL TR/043) 
was printed in January 1982 and contained the lecture material. 

The evolution of the field was one of a number of factors which affected 
the organization of the course held in October 1987. The stabilization of 
interest in uranium mining and milling and the growth of the mineral sands 
industry required a change of emphasis, as sand mining had been only briefly 
mentioned in the 1981 Course. Secondly, the scientific emphasis of the course 
changed, for example, increased emphasis was placed on radioactive dust as 
experience has shown that this is as significant, or more significant a 
contribution to radiation exposure than radon daughter inhalation or external 
gamma radiation. Finally, the revision of the Code of Practice for the Mining 
and Milling ot Radioactive Ores, completed late in 198/, provided the stimulus 
for a revision of much of the lecture material. As a result, the 198/ Course 
was divided into two blocks of four days, where the first part covered mainly 
background material for those participants new to the industry and the second 
covered some more advanced aspects, including the 198/ Code and the changes 
and developments since 1981. As was the case with previous Courses, the 
participants' time was divided between lectures and workshop/laboratory 
exercises. This Technical Report covers the lecture material presented during 
the course. 

As with all active fields of science, there have been further changes and 
developments since 1987. The development with the greatest impact has been 
the revision of the dose estimates from the atomic bombs at Hiroshima and 
Nagasaki. As a result of this and other new information on the effects of 
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radiation exposure, the International Commission on Radiological Protection 
(1CRP) is currently (July 1990) revising its recommendations for limits to 
radiation exposure. Ihere has also been additional material in the literature 
on a number of other issues. As a result, some of the chapters contain 
material not available at the time of the course. 

In editing the lecture notes, the main emphasis was on consistency of 
format, rather than on avoiding overlaps in content. Ihus some chapters 
repeat material covered elsewhere. However, it was felt that where 
appropriate each chapter should be self-contained. 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 and milling of radioactive ores. Ihe appropriate 
standards and guidelines are to be found in the relevant Codes of Practice, 
Guidelines and Handbooks. Whilst some of the material presented is well known 
and relatively easily accessible in the literature, other sections contain 
material which is less accessible or is the result of original work by the 
authors which will be published elsewhere. 

As coordinator of the course, 1 would like to thank all those who 
participated for their contributions. Special acknowledgement is due to the 
clerical and typing staff of A.R.L. for their assistance in the preparation of 
the notes for the course. In particular, Judy Evans and Rhonda Austin carried 
most of the burden of converting authors' manuscripts into the form enclosed 
between these covers. 

Although most of the lectures were given by staff members of the 
Australian Radiation Laboratory, lectures were also given by staff members of 
Roxby Management Services Pty Ltd., the Office of the Supervising Scientist 
for the Alligator Rivers Region and the A.C.T. Administration, Environment 
Protection Branch. I would like to particularly thank Neale Brabham, 
Mike Carter and Hugh Crawley and their respective organizations, for their 
contributions. 

John Boas 
July 1990. 
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A Note on the Australian Radiation Protection Standards 

Australia sets its radiation exposure limits by adopting those 
Recommendations of the International Commission on Radiological Protection 
(1CRP) that apply to our conditions. Ihese cover exposures of the public in 
general and of those whose jobs may lead to radiation exposure in the course 
of their work. I he exposure limits, set by the National Health and Medical 
Research Council (NHMRC) in 1980 were:-

• b mi Ilisievert per year tor members of the public; and 
• bO mil lisievert per year for radiation workers 

with the additional requirement that exposures be kept "as low as is 
reasonably achievable". These numbers exclude exposures from natural 
background radiation (between 1 and 2 millisievert per year) and exposures 
from medical procedures (less than 1 millisievert per year). Since 1985, a 
further condition has been introduced that the exposure of members of the 
public over a long time should not exceed an average rate of 1 millisievert 
per year. 

Since 198/, new data and a re-evaluation of earlier information indicates 
"with reasonable certainty" that the risks associated with ionising radiation 
are about three times higher than was assumed when the above standards were 
set. The ICRP is presently engaged in revising its recommendations and a new 
set is likely to be finalised in November 1990. f-oI lowing this, the NHMRC 
will develop and promulgate a new set of recommended Australian standards tor 
radiological protection. fhese will be progressively incorporated into the 
appropriate legislation, codes of practice and guidelines. 

I he main changes to be recommended by the ICRP are likely to be:-

• a reduction of the dose limit for occupational exposure from 50 
millisievert per year to 20 millisievert per year, with some 
provision for year-to-year flexibility. This flexibility could take 
the form of an average over several years with the additional 
restriction that not all the dose is received in a single year (e.g. 
not more than 2 years average in a single year). 
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• The current limit for the exposure of members of the public of 1 
millisievert per year averaged over a lifetime will be made more 
stringent, by limiting the averaging period to five years. 

Although exposure to radiation in Australia is unusually low (public 
exposures above background are negligible and average occupational exposures 
are about 0.5 millisievert per year), the changes proposed by ICRP are likely 
to have a significant impact on some areas of radiation protection. Whilst 
the notes enclosed in these volumes were prepared following the existing 
standards, the reader should bear in mind the changes which may occur in the 
near future. 
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A Glossary of Terms 

Activity: Radioactive decay rate usually in units of disintegrations per 
second (8q). The traditional unit, the Curie (Ci) corresponds to 3.7 x 10 
disintegrations per second. 

Alpha Particle: A positively charged particle of atomic mass 4. tmitted in 
the radioactive decay of some nuclei. I he particle, which is made up of two 
protons and two neutrons, is the same as the nucleus of the helium atom. 

Atomic Hasi (A): The sum of the number of protons and neutrons in a nucleus. 
238 Thus, the dominant isotope of uranium ( U) has an atomic mass of 238, which 

is the sum of its 92 protons and 146 neutrons. 

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

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

where 1 is the incident intensity, x the absorber thickness and v, in units o 
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 

2 -I of area/mass (cm g ). 

Attenuation Length: I he thickness of absorber required to reduce the 
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 decay rate 
of 1 disintegration per second. 

Beta Particle: An energetic electron emitted in the radioactive decay of some 
nuclei. More penetrating, and with a lower rate of ionisation than alpha 
particles. The beta particle may be either positively or negatively charged. 

Bremsstrahlung: High energy X-rays emitted by electrons which are retarded 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 1n shielding estimates, to correct 
"ideal" geometry estimates of absorption for the effect of extended source, 
absorber and detector. 

Compton Effect: An important absorption mechanism tor X rays and gamma rays. 
An elastic collision process between an incident gamma ray and an atomic 
electron. 

Curie (Ci): I he traditional unit of radioactivity. I Curie corresponds to 
3. ' x 10 Bequerel, i.e. 3./x 10 nuclear transitions per second. 
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Decay Chain: ihe consecutive members of a radioactive family of elements. A 
238 complete chain starts with a long lived parent (say U) and ends with a 

stable element ( Pb). 

Decay Constant (X): The fraction of the total number of atoms of a 
radioactive element decaying per unit time. Related to half life T by 

In 2 \ = 

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 
-19 through a potential difference of one volt in a vacuum. 1 eV = 1.602x10 

joule (approximately). 

Excited States: Well 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. Ihe roentgen is the unit of "exposure". 
However, is also used 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, usually 
when a daughter nucleus is formed in an excited state. 

Gray (symbol Gy): The Si unit of absorbed dose and kerma, corresponding to 
the absorption of 1 joule per kilogram of matter. I Gy = 1 J kg 

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 decay. Related to decay constant by 

In 2 
T -

Ionizing Radiation: Radiation with sufficient energy to separate neutral 
atoms into a positive ions and unbound electrons. 

Isotope: A particular element may exist as a number of different isotopes. 
Ihese are identical chemically as they have the same atomic number (Z), but 

238 235 
may have different atomic masses (A), for example U and U are different 

92 92 
isotopes of uranium. 

keV (ki loelectron vo l t ) : the energy required to move an electron through a 
potential difference ot I k l lovo l t . (See electron vo l t ) . 
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Linear Lnergy Transfer (LEI): The average energy imparted locally to an 
absorbing medium per unit path length by an ionising particle. Alpha 
particles are "high LEI" particles, and electrons or gamma rays are "Low LEI" 
radiations. 

Mean Free Path: See Attenuation Length. 

MeV (Million electron Volt): Conventional unit of energy in nuclear physics. 
Equal to the energy required to move an electron through a potential 

-13 difference of 1 million Volt (1.6 x 10 joule). (See electron volt). 

Neutron: an electrically neutral particle in the nucleus and which 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-ray. Becomes energetically possible above 
1.02 MeV and the dominant gamma ray attenuation process at high energies 
(above about 5 MeV). 

Photoelectric Effect: An important interaction mechanism tor 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 l-actor: 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. 

226 Radium: Generally refers to Ra, a member of the uranium series. Parent 
of radon gas, with a half life of 1650 years. 

218 222 
Radium A: The isotope Po, the first daughter of Rn. Decays by a 
emission with a half life of 3.05 minutes. 

214 218 
Radium B: The isotope Pb, daughter of Po ( R a j . Decays by B emission 
with half life of 26.8 minutes. 

214 214 
Radium C: lhe isotope Bi, daughter of Pb (Ra B). Decays by B emission 
with half life of 19./ minutes. 

fr 

Radon: Rn is a noble gas, decaying by a emission with a halt l i f e of 3.85 
days. Daughter of Ra. 

Radon Daughters: fhe four short lived daughters which succeed radon in the 
2 '48 

U decay series. 

Relative Biological Effectiveness: (RBE) An empirical factor which compares 
the biological effects of a given ionising radiation with that of 250 KVP 
X rays. 

1 
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rad: The former unit of absorbed dose and kerma, corresponding to the 
absorption of 100 ergs per gram of matter. 

1 rad = 10" Gy 

rem: The former unit of dose equivalent, given by 
H = OQN 

where 0 is the quality factor, N the product of all other modifying factors 
and 0 is the dose in rad. 

-2 
1 rem - 10 Sv 

Roentgen: Ihe historical unit for X-iuy exposure. The quantity of radiation 
which gives rise to 1 electrostatic unit of charge per cubic cm of dry air 
under standard conditions corresponds to an average energy transfer to the air 

-4 of 83 erg per grams. lhis is equivalent to the production of 2.58x10 
-4 -I coulomb of charge in I kilogram of dry air. I Roentgen (R) = 2.b8xl0 C kg . 

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 dose equivalent, corresponding to the 
absorption of one joule in one kilogram of biological matter taking into 
account the quality factor and other modifying factors. 

Thorium: Natural thorium consists of a mixture of equal activities of 
thorium-232 and thorium-228. 

220 232 
Thoron: The isotope Rn, formed in the decay of the Th series. 

220 Thoron daughters: The short lived daughters of Rn. Only ThB, ThC and 
Th ' 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 
atorrs available for decay through its a-emitting successors. 

238 Uranium: Normally a mixture of the two isotopes U (99.3 percent) and 
235 

U (0./ percent), the component which is fissionable. Natural uranium 
consists of a mixture of equal activities of uranium-238 and uranium-234. Ihe 
activity of uranium-235 is not significant in setting derived limits ot 
concentration. 
Working Level (symbol WL): An atmospheric concentration of radon daughters 
which will deliver 1.3 x 10 MeV of energy in the form of kinetic energy ot 
alpha particles per litre of air, in decaying through R a C . A working level 
of thoron daughters is a concentration of IhB, which yields the same alpha 
partii.:? energy in decaying through ThC and ihC per litre of air. I WL = 
1.3x10* Mev/I - 21 nJ nf J (approximately). 

Working Level Month (WLM): Ihe unit of exposure to radon or thoron 
daughters. I WLM is approximately equivalent to an exposure to I WL tor a 
working month of 1/0 hours. I WLM = 8.0X101 MeV.s/l - 13 Js m~ . 
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CHAPTLR 1. THE PHYSICAL PRINCIPLES OF RADIATION PROTECTION 

K. H. Lokan 
Australian Radiation Laboratory 

ABSTRACI 

This chapter reviews the production of ionising radiation from the 
naturally occurring radioactive decay chains and introduces the mathematical 
expressions relating to secular equilibrium and the calculation of the 
activity of daughter products. The absorption of a, 0 and y radiation is 
discussed from the point of view of the physical processes which occur, e.g. 
the photoelectric, Compton and pair production processes for y-rays . Linear 
energy transfer (LEI) and range-energy relationships are discussed for a and B 
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 units used in the assessments of 
effective drse from radon daughters are discussed. 

INIROUUCI ION 
In the context of the present course, the term "radiation protection" 

refers to control measures implemented 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, wh: are considered "acceptable" are in 
general set by convention, and are related to our perceived need for the 
benefits derivtu from the risk-inducing activity. Ihus, 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 I presents some 
representative risk factors for selected occupations and activities. 
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Table I 
(a) Fatalities per million workers 

All industrial Accidents 147 
Irade 60 
Manufacturing 87 
Service 97 
Government 110 
Iransport and Utilities 32/ 
Agriculture bb3 
Construction b03 
Mining bbl 
Traffic ( b ) 270 

(c) Cancer from smoking I 100 

(a) adapted from Cohen and 1-Sing Lee (1979) 
(b) per million of population. Australian Year Book l9/b//fa 
(c) per million "average male smokers" (derived from Hammond 1966) 

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 and 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*, which has been 
developed jointly by the Commonwealth, State and Territory Governments, and 

fc 
* derived from an earlier code, published in 1977 by the Commonwealth 

Department of Health (CUH, 
revised in 198/ (uAStll 198/) 

* Department of Health (CUH, 19//). Published in 1980 (DSt 1980) and 
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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 RAU1AII0N AND KAU1UAC11V11 Y: A BRIEF RjLVILW 
Ionising radiation may be defined as any radiation for which the energy 

per event is high enough to detach an electron fro.n 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, 
'here 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 

235 ionising particle. Ihus for example, the nucleus U, which occurs in 
natural uranium with an abundance of 0./ percent is unstable against decay by 
emission of an alpha particle (or helium nucleus) leaving the daughter nucleus 

ih, and the sum of the total energies of the fh and He nuclei is 
23b less than the total energy contained in the p c~ent U. Similarly the 

231 nucleus Ih is unstable, and decays by emitting a (negative) (3 particle to 
become Pa. Schematically we can represent this sequence by 

235 231 4 231 
U > Ih • » He — > Ha 92 90 2 91 

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 (y) rays, which can occur when the daughter 
nucleus is formed in an excited state - that is, at an energy above its 

235 "ground state". Schematically, we can illustrate the decay of U as is 
235 done (in a somewhate simplified version) in Mgure 1. U on 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 MeV, depending on which excited 

231 state the daughter Th is formed in, and the daughter may de-excite by the 
emission of y-rays. 'he 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 o* the excited states of the daughter. 
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The energy units which are normally used in nuclear physics are MeV or Million 
-19 electron Volts. 1 MeV is that energy imparted to an electron (1.6 x 10 

coulomb) when it falls through a potential difference of 1 million Volts. 
-13 

( i . e . 1.6 x 10 jou le) 

2 3 5 

92 

Th 
9 0 

0 . 3 8 8 

0 . 2 3 7 
0 . 2 0 5 

0 . 0 4 2 

0 

235 Figure 1. Decay scheme of g 2 U 

The situation is further complicated *n 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, clown to „. Pb. Tables 2, 3 and 4 illustrate the decay chains 
238 235 232 of the important series starting at U, U and Th respectively. 

fr 
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238 Table 2 Oecay Series: U 

Isotope Ha If-life Radiation 

2 3 8 u 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 B.Y 
2 3 4 u 2.50 x 10 5 a <*.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 (Radium A) 3.05 m a 
2 1 4 P b (Radium B) 26.8 m B.Y 
2 1 4 B i (Radium C) 19.7 m B.Y 
2 1 4 P o (Radium C) 2.7 x 10" 6 m a 
2 1 0 P b (Radium D) 22.0 a B,Y 
2 1 0 B i (Radium E) 5.0 d B 
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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Isotope 

Table 3 Decay Series: 

^ . j , ".." 

235. 

Half-life Radiation 

1 
235 
231. 
231 
22/ 
22/ 
223 
219 

r 
215, 
211 
211. 
207 
207. 

lh 
I 
Pa 

/ 
Ac 
/ 
Th 

JRa 
>Rn 
Vo 
Pb 
Bi 
11 
Pb 

7.1 x 1 0 8 a 
25 h 

4 3.4 x 10 a 
22 a 
18.6 d 
11.2 d 
3.9 s 
1.8 x 10~ 3 s 
36 m 
2.2 m 
4.8 m 

a 
B 
a 
B 
a 
a 
a 
a 
B 
a 
B 

Table 4 Decay Series: 232 Th 

i* Isotope Half-life Radiation 

I s 232 lh 1.4 x 10 
228„ Ra 6.7 a 
228. Ac 6.1 h 
2 2 8 T h 1.9 a 
2 2 4 R a 3.6 d 
2 2 0 R n 54 s 
216 n Po 0.16 s 
2'2 n u Pb 10.6 h 
2I2„. Bi 1.0 h 
2I2„ Po 
208 n k, Pb 

(66 percent) 3 x 10~' 
stable 

or 
2 0 8 1 1 ( 
2 0 8 P b 

«) (34 percent) 3.1 m 
stable 

10 

B 
a 
a 
a 
a 
B 

B (66 percent) a (34 percent) 
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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 dN 
dt 

-XN (1) 

or, on integrating 
-Xt N = N e o (2) 

where N is the initial number of nuclei present, 
illustrated in Figure 2. 

The form of this decay is 

>-

< 

TIME 

Figure 2. The decrease of activity with time for an exponential 
decay, t is the half life. 
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It is more common in practice to characterise the time behaviour in terms 

of half life, i, where T 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 

1 - X T 

2 
e 

In 2 0.693 
T = = 

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 

10 measured to be 3.7 x 10 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./ x 10 Bq) 

-12 
was retained. Thus 1 Bq is equivalent to ~ 27 x 10 Ci = 27 pCi. 

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

x x 
A B 

A — > B — - > C 
the corresponding differential equation for the first daughter B is 

-x t 
dN A 

B = X N e -X N (4) 
~ A o B B 
dt 

which has the solution 

-x t -x t 
N - N x A B (5) 
B _P_A_ (e -e ) 

(X -X ) 
b A 
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The growth of activity (remember activity = x N ) of daughter B, for the case 
where the half life of the daughter is one fifth of its parent is illustrated 
in Figure 3. (X B 5X A) It is easy to show that the daughter activity 
approaches 5/4 of the activity of the parent in this case. 

1.0 

? 0.5 
o 
< 

PARENT ( :l ) 

DAUGHTER ( :5 ) 
t 

Figure 3. Variation of activity of parent and daughter nuclei with 
time for x D = 5x. B A 

For the case where the half life of the parent is very long compared with 
that of the daughter (x. « x„), the activity X BN„ of the daughter is given by 
(5) 

X N — > N X X -X t B B 0 B A A e 

N x e o A 

-x t 
A f 

X N A A 
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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 general 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 

226 have removed a daughter) the activity of Ra in an orebody is equal to the 
238 activity of the parent U. On the other hand, one would not necessarily 

210 expect to find the later members of this chain (for example Pb) to be in 
238 222 

equilibrium with U, because some of the gaseous Rn 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 v, 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 pdx (5) 

from which we obtain an exponential relationship 
K x ) = I 0 e ^ X 

The coefficient p is known as the linear attenuation coefficient, and has 
-1 2 

units of (length) . It is however usual to express y in units of (length) 
-I 2 (mass) (cm/g), by dividing by the density; the equivalent unit of 2 thickness is then mass per unit area (g/cm) . 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. / ? - In2/p, which 1s the thickness required to reduce the y-ray intensity to 
one half. Another widely used parameter is "attenuation length", or mean free 
path -



n 

1 
X = _ (6) 

y 

which is the thickness required to reduce the intensity to V 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 is the photoelectric 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 

5 nuclear charge (~ Z ) 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. a Z) and decreases with increasing y ray energy (roughly as 
1/Ey), 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 1n 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. 
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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 from an extended source (say an ore stockpile) of a large "detector" 
(a miner) 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 very 
much on the geometry of the situation. 

Z 
o 
w 
= O.I -2 
CO z 
< 
at 

0.0 I 
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 very 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. An illustrative shielding calculation for radium 
gamma rays is presented in Appendix I. 
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Figure 7. Energy buildup factors in concrete for photon energies 
of 1.0, 2.5 and 6.0 MeV (see Jaeger, 1968) 

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

they traverse matter, both by ionisation and internal excitation of the atoms 
of the absorbing material. Figure 8 illustrates the rate at which an alpha 
particle detector count rate changes as the detector is moved away from a 
monoenergetic alpha-source (~ 7 MeV) in air. 

S 
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Figure 8. Variat ion in a -par t i c le count rate in a i r wi th distance 

from source. 

It is apparent that alpha particles have a very well defined range; Figure 9 
shows the range in air of alpha particles (Evans 1955) as a function of energy. 
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The rate of energy loss of a heavy charged pa r t i c l e (the energy dE 

t ransferred to the absorber as the pa r t i c l e traverses a distance dx) i s given 

by 

4 2 
dE 4 w e z 

- _ = N B (7) 
dx 2 

mv 

where ez is the charge of the ionising particle, N the number of absorbing 
atoms per unit volume, v the particle velocity and m the mass 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 varyinc, function of energy. (It is an 
instructive exercise to construct a curve for dE and for B for alpha particles 

3x" 
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 range. 

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

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 and 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 LEI radiation, (heir 
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 
addition the electron may undergo a large number of deflections through 

;i elastic (i.e. with no energy loss) scattering from atoms so that the path of 
• * an electron is likely to become quite tortuous. In contrast to alpha 

\ particles the local transfer of energy along its track is relatively small, 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 gamma ray. This radiation is known as Bremsstrahlung 
(= braking radiation) and its production does not necessarily contribute to 
the immediate local deposition of energy along the track of the electron. The 
Bremsstrahlung itself may give rise to further electrons (by 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 ionisation. 

i 
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Given this complex mixture of interactions, the concept of "range" for 
electrons is less clear cut than it is for a-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 MeV, the range, expressed in units 
-2 

of mass/area (g cm ) 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(MeV) - 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. The differently marked 
points represent measurements by different workers. 
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When radioactive nuclei decay by emitting a negative electron to become a 

nucleus whose atomic number is greater by 1, the 0 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 0 spectrum E „ w , 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. 
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210 Figure 11. Energy spectrum of 0 particles from Bi (RaE) 

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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RADIOLOGICAL QUANIiriES AND RADIATION PROTECTION 
It is useful in discussing ionising radiation to draw a distinction 

between directly ionising particles (si'ch 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 o particle than for a B 
particle. Further secondary interactions may occur between the medium and the 
electrons released by the primary ionising particle. 

4: 

M 

• 

i 

V - ' electron 

• lectron • 

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 lonisation 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 (L) along the 
length of the ionising track for the LET for all types of ionising radiation; 

(able 5 presents typical values of L in water for a variety of ionising 
radiations (1CRU 19/0). 

^^~ 
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Table 5 

Average values of LET in Water 

Radiation 

Co y-rays 

22 MeV X-rays 

2 MeV electrons 

200 keV X-rays 
3H B-rays 

50 keV X-rays 

5.3 MeV alpha rays 

L (keV/pm) 

0.23 

0.19 

0.20 

1.7 

4.7 

6.3 

43 

UNITS OF MEASURLMLNI hOR IONISING RADIATION 
Historically, the quantity used to measure ionising radiation (for X-rays 

and gamma rays) has been exposure, the unit for which is the roentgen (R). 
1 he roentgen is defined as that quantitiy 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. The SI unit is not 
given a special name, but is expressed in units of coulomb per kilogram 

-4 (C/Kg), and 1 roentgen (R) corresponds to 2.58 x 10 C/Kg. 

fr 

In dealing with radiobiological effects, the quantity which is more 
relevant is the absorbed dose, which is defined directly as the mean energy 
deposited in a medium per unit mass. The traditional unit of absorbed dose has 

-2 been the rad, whici, is defined as 10 joule per kilogram, or 100 erg per 
gram, so that an absorbed dose in air of 1 rad is about twenty per cent larger 
than 1 roentgen. The introduction of SI units has seen the rad replaced by the 
gray, which represents an absorbed dose of I joule per kilogram. Ihe gray 
therefore corresponds to 100 rad. Because of familiarity of users with the 
traditional units, it is not uncommon to see radiation monitoring instruments 
which report absorbed dose in 'centigrays', as 1 centigray is equal to 1 rad. 
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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 high 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 2b0 KVP X-rays and with fast neutrons. (Hall et al 
197b). i-rom 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 2b0 KVP X-rays is taken as unity. Thus in the present case, 
the RBE of 3b MeV neutrons for this particular effect is 1300/700 ~ 2. The 
average LEI in water for neutrons in this energy range is about 
b-10 KeV/pmeter. 

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 u 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 0 recommended for radiation 
protection purposes in Australia (NHMRC 1981) are those presented in Table b. 
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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 (NHMRC 1981) 

X rays, gamma rays and electrons 

I -

fii 

* 

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 0) and replaces the rem (rad x Q); a dose equivalent of 1 Sievert is 
equal to a dose equivalent of 100 rem. in order to provide a sense of scale, 
Table 7 lists some representative radiation doses encountered in different 
circumstances. 

Ihe ICRP (ICRP 1985) has recommended that the quality factor for fast 
neutrons should be 20. 

S 
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Table 7 

Some Representative Doses 

Annual natural background : 2 mSv 
(including inhaled radon daughters) 

Annual Dose Limits, Members of Public : 1 mSv 
(occasional excursions to 5 mSv acceptable) 

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 : b Sv 

Localised doses employed in radiation therapy : up to 20 Sv 

fhe biological effects of ionising radiation will be discussed in greater 
detail elsewhere in this course and it is enough for present purposes to 
distinguish between 'non-stochastic' effects (such as skin reddening), for 
which a threshold is commonly observed, and 'stochastic' effects (such as 
cancer induction), which do not appear to have a threshold. For non-stochastic 
effects, the severity of the effect is related to the dose, while for 
stochastic effects, it is the probability of inducing the effect which is 
related to the dose. That is, if a group of individuals is irradiated, some of 
them may show the effect, but it is not possible to predict which individuals 
within the group will be affected. 

l-or radiation protection purposes, the stochastic effect which is 
considered is the induction of fatal diseases, for which it is assumed that 
the probability or risk of occurrence is directly proportional to the dose 
equivalent and, for a uniform whole body irradiation, the dose equivalent is 
thought to be a reasonable measure of the total risk. 
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Each tissue or organ, however, will have its own constant of 

proportionality - for example, the risk of inducing a fatal cancer following 
irradiation of the thyroid is lower than the risk of inducing a fatal cancer 
from an equal irradiation of the red bone marrow. Thus, for partial body 
irradiation, such as occurs when radioactive material is inhaled or ingested, 
we need to define an effective dose equivalent, which is the quantity which 
expresses a degree of risk equal to that from an equivalent whole body 
irradiation. We do this by forming the sum 

I w T H , 
1 

where the H 's are the dose equivalents for individual organs or tissues, and 
the w 's are the weighting factors, which represent the proportion of 
stochastic risk associated with individual organs, compared with the total 
stochastic risk if the whole body were irradiated uniformly. Values for w.. 
recommended by the National Health and Medical Research Council (NHMRC 1981), 
which follow the Recommendations of the International Commission on 
Radiological Protection (ICRP, 197/), are given in Table 8. 

Table 8. 

WEIGHI1NG fACfORS fOR CALCULATIONS Of LM-tCTIVt UOSL LQU1VALLNTS 

lissue Weighting l-actor 

Gonads 

Breast 

Red Bone Marrow 

Lung 

Thyroid 

Bone Surfaces 

Remainder 

The value for gonads includes some allowance for hereditary effects, and the 
weights relate only to fatal effects. 

0.2b 
0.15 
0.12 
0.12 
0.03 
0.03 
0.30 
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For external radiation, such as gamma radiation from an ore stockpile, the 

absorbed dose is delivered at the time of exposure to the source. For internal 
radiation, following inhalation or ingestion, the absorbed dose is delivered 
to organs over a time, which depends on the retention time in the body and the 
half life of the radioactive material. We need therefore to define a 
committed dose equivalent and committed effective dose equivalent, to take 
into account the fact that the dose will be delivered in the future. For 
radiation protection purposes, the time period taken for the delivery of the 
dose is 50 years, which is about a working lifetime, and the same period is 
used for members of the public. The committed dose equivalent is then the 
integral from the time of intake to 50 years later, of the dose equivalent to 
an organ, and the committed effective dose equivalent is the corresponding 
weighted sum of committed dose equivalents, using the weighting factors of 
Table 8. 

Frequently at the planning stage, it is necessary to assess the impact of 
a proposed operation by estimating the total exposure of a group of 
individuals. For this purpose, we can define a quantity known as the 
collective dose equivalent (S), where 

S = E H.N(H.) i i 
i 

*» where N(H.) is the number of individuals in a subgroup i, who receive an 
average dose equivalent H.. Similarly, we can define a collective dose 
equivalent commitment, by integrating the collective dose equivalent rate into 
the future. The corresponding quantities collective effective dose 
equivalent and collective effective dose equivalent commitment can be defined 
by analogy to the individual quantities, and are useful when comparing the 
radiological impacts of different sources and practices. 

i i 

« * 

RADON AND ITS DAUGHTERS 
222 Radon ( Rn) is a noble gas, akin to He, Ne, Ar, etc, which is produced 

226 as the daughter product in the radioactive decay of Ra. It has a half 
218 life of 3.8b days and decays by a emission to Po (RaA). The decay chain 

206 ot radon through to Pb is illustrated in Figure 14. 
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Figure 14. Radon decay scheme. 

Because it is inert some of the radon produced in ihe decay of uranium is 
likely to escape from its immediate environment, and become part of a mine 
atmosphere. 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 Si k i 1932 etc). Thus, in additional 
to conventional radiation protection practices applicable to all radiation 
workers, there is a need to maintain a measurement and control programme over 
radon daughter concentrations in uranium 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 
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concentration of 100 pCi (3.7 Bq) per litre, (i.e. containing 100 pCi (3./ 
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 consequence*, 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 <* particle 

5 energy of 1.3 x 10 MeV per litre of air. 

Ihis definition is consistent with the earlier one, since 1.3 x 10 MeV is 
the potential a energy available to be released by 100 pCi (3./ Bq) of each of 
the daughters RaA, RaB and RaC. Appendix 11 gives the details of the 
calculation of this quantity. 

ihe International Commission on Radiological Protection has recommended 
(ICRP, 1981) a dose conversion fc.ctor to relate the potential alpha energy 
deposited in the lung to the effective dose equivalent. From a variety of 
scientific sources, ICRP has recommended that an inhaled potential alpha 
energy of 0.02 Joule corresponds to an effective dose equivalent of 50 mSv. 
This corresponds to a dose conversion factor of 2.5 Sv per Joule. Appendix 
III presents the relationship between doses assessed in this way, assuming 
normal breathing rates, and the older WL units. 

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 

220 232 
radon isotope Rn, formed in the decay chain from Th. Its decay 

208 through to Pb 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 

212 that the first significant daughter which can accumulate is Pb, which has 
a half life of 10.6 hours. The subsequent decay of Pb through ThC to 
208 208 

II (34 percent), or lhC to Pb (b6 percent) releases either 6.0b 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 

212 concentration of ThB. ( Pb) which in decaying through ThC or ThC yields 
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1.3 x 10 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. 

Vf 

1 

1 
81 82 83 84 

ATOMIC NUMBERS 
85 86 

Figure 15. Thoron decay scheme. 

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, lhis 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. 

In tact, under the 198/ Code it is required that radon daughter exposures 
be converted to the corresponding effective dose equivalent commitment, and 
added to the effective dose equivalents or commitments from other sources of 
radiation. 

i ^ — — ^ « -
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Appendix I 

Attenuation of Radium y-Rays by Concrete (E ~ 800 keV) 

Table 1, Column 2 lists the proportions by weight of the major elements to 
3 

be found in normal concrete (density 147 lb/f = 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 1 cm and thickness x cm. 
1 he transmission is given by 

linear 
r(x) = e 

where u,. is the linear attenuation coefficient, in units of cm . An 11nea r 
2 alternative way of expressing thickness is in units of mass/area (gr/cm ), by 

multiplying the linear thickness x by the density. 

Then T(x') - e~ v X 

2 -1 where y' is in units of cm gr 
-2 and x : is in units of gr cm . 

Column 4 of Table 1 lists the attenuation coefficient at 800 keV energy 
2 -1 for each group of elements in units of cm gr . The product of columns 3 and 

4 (given in column 5) is then the linear attenuation coefficient in units of 
-1 cm . 

lhe t o t a l l inear attenuation coe f f i c ien t i s then 

0.0831 + 0.0649 + 0.018/ = 0.167 cm . 

Ihen tor a thickness of 30 cm 

-0.167x30 -5.0 , -3 I - e = e = /xlO 

However, this does not take into account the fact that not all interaction 
remove the y-ray completely, so that Lhe attenuation of energy (or dose) is 
less severe. For this thickness at this energy t!- correction factor (Build 

-3 
up Factor) is dose to 4, so the attenuation factor is about 4x7x10 - 0.03. 
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That is to say, a foot of concrete (soil) provides about a factor of 30 of 

attenuation. 

Table I 

Elements percent 
(by weight) 

Density 
, 3 gr/cm 

attenuation 
2 -1 coeff(cm gr ) 

linear 
atten. coeff(cm ) 

oxygen 50 1.17 0.071 0.0831 

Sodium, 

aluminium 39 0.92 0.O71 0.0649 

s i i icon 

Potassium, 
Calcium Iron 11 0.26 0.072 0.0187 
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Appendix II 

Calculation of potential a-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. 

0.693 
We recall from (3) X = (decay constant) 

T 

I dN 
and from (1) N = - — (N = no. of atoms) 

x dt 

0.693 0.693 0.693 -1 
Ihus x = , X = , x = sec 

A 3.05x60 B 26.8x60 C 19.7x60 

lhen 

3.7x3.05x60 
3.7 Bq RaA = = 97 7 atoms 

0.693 

3.7x26.8x60 
3.7 Bq RaB -• = 8585 atoms 

0.693 

3.7x19.7x60 
3./ Bq RaC - = 6311 atoms 

0.693 

each decaying RaA atom del ivers 6.0 + 1.1 = 13.7 MeV 

RaB " " 7.7 MeV 

RaC " " 7.7 MeV 

lota I energy released is thus 

RaA : 97/ x 13. / = 0.134 x 10 5 (11 percent) 

RaB : 8585 x 7.7 = 0.661 x 10 5 (51 percent) 

RaC : 6311 x 7.7 - 0.486 x 10 5 (38 percent) 

5 
lo ta l 1 .28 x 10 

= 1 . 3 x 10 MeV 

, • • » 
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Appendix III 

Relationship Between WL Units and Effective Dose Equivalent. 

Let w be the radon daughter concentration, which would in a working year lead 
to an effective dose equivalent of 50 mSv. (i.e. an inhaled potential alpha 
energy of 0.02 Joule) 

in 2000 working hours, the total air breathed under normal conditions is 

2000 x 1200 litres, (normal breathing is 1200 litre/hour) 

5 
By definition, 1 WL is equivalent to 1.3 x 10 MeV of potential alpha energy 
per litre. 

Ihus total potential alpha energy in a working year is 

w x 1.3 x 10 5 x 2000 x 1200 MeV 

-13 But 1 MeV = 1.6 x 10 Joule 

iherefore total potential alpha energy is 

w x 1.3 x 10 5 x 2000 x 1200 x l.b x I0~ 1 3 Joule 

= 0.05 w 

Ihis will equal an effective dose equivalent commitment of 50 mSv, if 

0.05 w - 0.02 Joule 

0.4 WL. 

v 

(Thus 4.8 WLM - 12 months at 0.4 WL -is equivalent to 50 mSv under normal 
breathing conditions) 
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Chapter 2. SOURCES OF RAOIATiON EXPOSURE 

- AN OVERVIEW 

G. C. Mason 
Australian Radiation Laboratory 

ABSTRACT 
Sources of radiation exposure are reviewed from the perspective of mining 

and milling of radioactive ores in Australia. The major sources of 
occupational and public exposure are identified and described, and exposures 
from mining and milling operations are discussed in the context of natural 
radiation sources and other sources arising from human activities. 

lNIROuUCTION 
Most radiation exposure of humans comes from natural sources. About 80% 

of the world average of the effective dose equivalents (see Chapter I) 
received by individual people arises from natural radiation, with a further 
15-20% coming from medical exposures*. Exposures resulting from human 
activities, such as mining and milling of radioactive ores, nuclear power 
generation, fallout from nuclear weapons testing and non-medical use of 
radioisotoDes and X-rays, add less than 1% to the total (Figure 1 ) . 

However, the potential for high individual doses is greatest in those 
industries in which radioactive materials are processed or handled or in which 
radiation generating equipment is used. Radiation protection practice is 
guided by the International Commission on Radiological Protection (ICRP). In 
general, the ICRP recommendations are endorsed in Australia by the National 
Health and Medical Research Council (NHMRC, 1981), and taken up in various 
Codes of Practice, in particular the 'Code of Practice on Radiation Protection 
in the Mining and Milling of Radioactive Ores (1987)' (UASEfl, 198'/). lhe 
KRP's basic philosophy is to keep all exposures 'as low as reasonably 
achievable, economic and social factors being taken into account' - the ALARA 
principle - and to keep the dose equivalents to individuals below recommended 
limits (see Chapter 11). Those responsible for mining and milling of 
radioactive ores in Australia are required to manage the radioactive materials 
and sources under their control such that the objectives of the Code (or 
equivalent State or Territory legislation) are met. This requires a clear 
identification of the sources of radiation and the pathways for human exposure. 

* Most of the figures quoted in this Chapter are taken from or based on the 
'Report of the United Nations Scientific Committee on the Effects of Atomic 
Radiation' (UNSCEAk, I98i"). I hi s Report should be consulted for more detailed 
Information on this topic and tor references to original information in the 
literature. A revised UNSCtAR Report was published in I'JHK 
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Other: 
0.02 mSv 
Medical: 
O.'+mSv 

Natural: 
2.0 mSv 

(mainly 
diagnostic 
X-rays) 

238-U series 

232-Th series 
i^iiiiiiiiiiin 
cosmic rays 
HJJMUJJli 

;vp'otassium-4o ;.•'•.••; 

thorium-232 
series 

uranium-238 
series 

V 

mostly 
external 

external 

internal 

Figure 1. Estimated magnitudes of world average exposures of 
individuals (Source: UNSCEAR 1982). Note that the 
exposure from natural sources was revised upwards to 
2.4 mSv in the 1988 UNSCEAR Report. 

NATURAL SOURCES 
Natural sources arise both from the terrestrial environment (radioactive 

elements 1n the Earth's crust and atmosphere) and the extra-terrestrial 
environment (cosmic rays). The latter Irradiate the human body from the 
outside, while terrestrial radionuclides can be taken Into the body by 
ingestion or inhalation to irradiate Internal organs and tissues, as well as 
being sources of external radiation. Cosmogenic radionuclides, those created 
by the Impact of cosmic rays on atoms in the atmosphere, contribute very 
little to overall exposure; most of the terrestrial exposure comes from 
primordial radionuclides, those that have been present in the tarth's crust 
since Its formation. ihe estimated average annual exposures from natural 
sources are summarised 1n labJe I. 
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fable 1 . Estimated annual e f f e c t i v e dose equivalents 

from natural sources of rad ia t ion 

Source 

Annual e f fec t ive dose equivalent (mSv) 

External 

i r r a d i a t i o n 
In terna l 
i r r a d i a t i o n 

Total 

Cosmic rays 

Ionising component 

Neutron component 

0.30 
0.055 

0.30 
0.055 

Cosmogenic radionuclides 0.015 0.015 

Primordial radionuclides 

Potassium-40 0.15 0.18 

Rubidium-87 0.O06 

Uranium-238 series 0. 10 1.24 

Thorium-232 series 0.16 0.18 

0.33 
0.006 
1.34 
0.34 

10IAL 0.8 1.6 2.4 

Source: UNSCEAR 1988. Note that these figures are revised from those in the 
1982 UNSCEAR Report. 

Nearly half of the total of 2.4 mSv annual effective dose equivalent comes 
from the inhalation of radon daughters, while about one sixth each is 
contributed by cosmic rays, potassium-40, and thorium-232 series 
radionuclides. The global average of 2.4 mSv per year from natural sources is 
a useful benchmark with which to compare additional doses received from other 
sources. 

I 

Cosmic rays 
The cosmic ray component of natural radiation is fairly constant at the 

Earth's surface, but it does vary with altitude and, to a lesser extent, with 
latitude. On entering the atmosphere, the highly energetic primary cosmic 
rays (mainly protons and alpha particles) collide with the nuclei of atoms in 
the air, generating a range of collision products and losing large quantities 

of energy which materialises in the form of pions, gamma rays and electron-
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positron pairs. Secondary cosmic rays (mainly protons, neutrons and pions) 
rapidly lose energy through multiple collisions with air molecules, and few 
reach the Earth's surface; but pions decay to muons (a kind of 'heavy 
electron') which reach the tarth at a rate of about one per square centimetre 
per minute. Muons also decay, into electrons. The major part of the cosmic 
ray exposure comes from muon collision electrons (electrons knocked out of 
their parent atoms by muons) and the electrons produced Dy muon decay. The 
global average effective dose equivalent from this source is estimated to be 
0.3 mSv per person per year (Table 1). 

Terrestrial radionuclides 
The radionuclides potassium-40, uranium-238 and thorium-232 all have 

9 half-lives comparable with the age of the Earth (>10 years) and they are 
distributed throughout the Earth's crust. Their concentrations vary from place 
to place, and in some areas the external exposure rate may be up to ten times 
the world average for this source, but these regions of high dose rate are 
estimated to contribute less than 10% to the global collective dose. Some 
typical concentrations in soil are given in Table 2, and some of the many 
exposure pathways from soil and rock to people are illustrated in Figure 2. 

Table 2. Average activity concentrations of the major 
terrestrial radionuclides in soil, and corresponding 

absorbed dose rates in air Im above the ground 

Radionuclide Average cone. Dose rate per Absorbed dose 
or series in soil unit cone. rate at lm 

(Bq kg" 1) (Gy h" ]/Bq kg" 1) (Gy h" 1) 

4.3 x 10 ̂  1.6 x 1 0 8 

4.3 x 1 0 ~ 1 0 1.1 x 10" 8 

-10 -8 
6.6 x 10 1.7 x 10 

Source: UNSCEAR 1982 
The major exposure pathway is through inhalation of radon daughters 

resulting from the decay of radon gas. Radon is a chemically inert element 
and it can migrate to the atmosphere through the pore spaces in the medium in 

Potassium-40 370 
Uranium-238 25 
Thorium-232 25 
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which it is produced from its parent radium (see Table 2 and Figure 14, 
Chapter l). Radon itself delivers a relatively small dose, but its daughter 
products include short-lived alpha-particle emitting radionuclides which can 
irradiate lung tissues (see Chapter 8). 

For people not occupationally exposed to sources of uranium series 
radionuclides, most radon daughter exposure, about 90%, occurs indoors. 
Exposure rates indoors are typically higher than outdoors, and it is estimated 
that people spend about 80% of their time indoors. Most indoor radon emanates 
from the ground beneath the building and from building materials, although 
some gets in from the outside air and some is also dissolved in water supplies 

222 220 and released indoors. Daughters of both radon isotopes, Rn and Rn, 
220 contribute to the total exposure, but the thoron ( Rn: see lable 4 and 

222 Figure 15, Chapter 1) component is only about one fifth of the Rn exposure. 

** 

I 1 

1 
i 

m a t e r i a l s 

Figure 2. Some of the major exposure pathways for terrestr ia 
radionuclides. 
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The magnitude of exposure rates in dwellings has been fully appreciated 

only in the last few years, and several studies, both overseas and in 
Australia, have been undertaken to establish more accurately the typical 
concentrations of radon and radon daughters indoors. Estimated global average 
equilibrium equivalent (see Chapter 1) concentrations of radon daughters are 
given in Table 3, together with corresponding estimated doses. 

Table 3. Estimated equilibrium equivalent concentrations of 
radon and consequent average annual effective dose 
equivalents from inhalation of radon daughters. 

Equilibrium cone. 
(Bq in"3) 

222 Rn 

Indoors Mean 15 
Range 5-bO 

Outdoors Mean 1.8 
Range 0.1-10 

*J 

220 Rn 

0.7 

0.2 

Annual effective 
dose equiv. (mSv) 

222 Kn 

0.9 
0.3-3.7 

0.06 
0.003-0.3 

220 Rn 

0.2 

0.02 

I 

H 1 

Source: UNSCEAR 1982 

A significant exposure pathway occurs through ingestion of potassium-40, 
which is present in stable potassium at about 0.01% by mass. Potassium is 
ubiquitous in nature, forming about 2% of the Earth's crust, and it is 
essential to human metabolism, forming about 0.2% of body mass. The modelling 
of intake by the ICRP using Reference Man (see Chapter 8), assumes a daily 
intake of 3.3g of potassium in food and fluids - corresponding to about 85 Bq 
of potassium-40 per day. The average annual effective dose equivalent from 
this source is estimated as 0.18 mSv. 

. - s 

f * 

fr 

Terrestrial radionuclides also contribute to external exposure through 
irradiation of the body by gamma rays. As for Internal exposure, the major 
part of the dose is delivered indoors. Brick or concrete buildings typically 
provide good shielding against gamma radiation incident from outside, so that 
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indoor doses arise predominantly from the building materials. Average dose 
rates are estimated to be 20% higher than outdoors. The average annual 
effective dose equivalent due to external radiation from terrestrial 
radionuclides is about 0.35 mSv. 

SOURCES ARISING INDIRECTLY FROM HUMAN ACTIVITY 
There are some circumstances in which exposure to natural radiation is 

enhanced by human activity or technological development. Examples are: 
travelling by air, living in the neighbourhood of a coal-fired power station, 
and using phosphate fertiliser or building materials containing phosphogypsum. 

Coal contains tra:e quantities of natural radionuclides. When burned, 
some of the combustion products, in particular the fly ash, may be carried 
through plant emission stacks to the atmosphere. Exposure can then occur 
either through inhalation of the dispersed aerosol or through ingestion of 
food affected by the deposition of radionuclides on edible crops or pasture 
grass. The global collective effective dose equivalent commitment (CEDEC: see 
Chapter 1) from this source is estimated as about 2000 person-sievert per year 

_3 
- which corresponds on average to less than 10 mSv individual effective dose 
equivalent per year. 

Phosphate rock is a major source of phosphate fertilisers. It contains 
trace amounts of natural radionuclides which can find their way through the 
food chain. A major by-product of the processing of phosphate rock is 
phosphogypsum, which has been much used in building materials, such as 
plaster-board. The concentration of radionuclides in phosphogypsum is quite 
high (up to 1500 Bq kg of radium-226, for example), and this pathway, via 
indoor irradiation and inhalation of radon daughters, is estimated to lead to 
a collective dose many times larger than that attributed to the use of 
phosphate fertilisers. 

Exposure to cosmic radiation is enhanced by air travel. Absorbed dose 
rates at the cruising altitudes of jet aircraft may be 50 times greater than 
at ground level. A flight from Sydney to London could add about 50 JISV to a 
passenger's effective dose equivalent. Ihis pathway is estimated to 
contribute about 2000 person-sievert per year to the global CEDEC - less than 

_3 
10 mSv individual effective dose equivalent per year. 
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In total, the average collective dose arising from the sources described 

here is very much smaller than that received from natural sources, as outlined 
in the previous section. 

SOURCES ARISING FROM HUMAN ACTIVITIES DIRECTLY ASSOCIATED WITH THE 
EXPLOITATION OF RADIOACTIVE MATERIALS OR RADIATION 

Radiation and radioactive materials are exploited in many fields, such 
as: nuclear power, radiography, radiotherapy, radioactive tracers, smoke 
detectors, radioluminous products, anti-static devices and cardiac 
pacemakers. Each of these sources contributes in different measure towards 
the total human collective dose, though the largest by far is due to medical 
uses of radiation. 

Medical sources 
Most medical exposure arises from diagnostic radiography. Although 

radiotherapy administers very large individual doses, only a few people are so 
exposed, and the consequent collective dose is only a small fraction of that 
received by the very large number of people who undergo diagnostic radiography 
at much lower individual doses. Many reviewers of this field have expressed 
the view that there is a great potential for reduction of the collective dose 
which arises from medical exposure, through improved procedures and equipment, 
or by using alternative techniques, such as ultrasound. In total, the average 
dose due to medical exposures is believed to be about 20% of the average dose 
from natural sources, that is about 0.4 mSv per year. 

Nuclear fuel cycle 
Recent estimates of the world's energy production suggest that nuclear 

power contributes about 15% of the world's electrical power generation, 
through about 350 reactors in 26 countries, with a further 180 reactors under 
construction. Projections to the year 2000 suggest that about one quarter of 
the world's electricity needs will then be met by nuclear power. 

The generation of nuclear power involves many steps in handling and 
processing radioactive materials, and at each stage some release to the 
environment may occur. Mining and milling operations are discussed in a later 
section; other processes include chemical treatment of the uranium mill 
product, enrichment of the uranium-235 component, fabrication of fuel 
elements, production of power in nuclear reactors, disposal or reprocessing of 
spent fuel rods, and management of wastes arising from the industry. The 
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contribution to the global average collective effective dose equivalent 

3 
commitment from these sources is of the order of 10 person-sievert per year, 
with about half coming from reactor release of carbon-14 to the atmosphere. 
This is equivalent to an individual average annual effective dose equivalent 

-4 -3 
of about 10 mSv, predicted to rise to about 10 mSv by the end of the 
century. 

Fallout from nuclear weapons testing 
Through the 1950's and early 1960's atomic weapons were frequently tested 

in the atmosphere, causing a world-wide dissemination of radioactive fallout. 
The most significant radionuclides remaining are carbon-14, caesium-137 and 
strontium-90. The collective effective dose equivalent commitment (over 
thousands of years) from intake of fallout radionuclides is estimated to be 3 
x 10 person-sievert, implying an individual annual effective dose equivalent 

-2 of -10 mSv, which is gradually decreasing over the years. In Australia, 
there are potential sources of exposure at abandoned nuclear weapons test 
sites, but the contribution to global collective dose is minute. 

Occupational exposures 
There are several groups of workers who are occupationally exposed to 

radiation, such as: uranium miners, mineral sands miners, nuclear power plant 
workers, industrial radiographers, medical radiographers and nurses in nuclear 
medicine wards. There is a very wide variation of doses received both between 
groups and within job categories. Some doses are extremely high - usually 
these are the consequence of an accident involving radioactive sources or 
radiation sources. The irregularity in doses makes it difficult to estimate 
meaningful averages for occupational exposure, but for those workers directly 
involved with radiation sources or radioactive materials the average annual 
effective dose equivalent is believed to be a few mSv. 

In the case of workers in the nuclear industry, most exposures come from 
reactor operation and fuel reprocessing, with less than 5% of the total 
estimated collective occupational dose arising from mining and milling 
operations. Past experience suggests that occupational doses received by 
nuclear Industry workers are distributed approximately log-normally*, with 
very few doses exceeding 50 mbv per year. 

* A variable X is said to be distributed log-normally 1f the values of 
y = In X are distributed normally, that is they form a normal, or Gaussian, 
distribution. 
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SOURCES OK EXPOSURE ARISING FROM THE MINING AND MILLING OF RADIOACTIVE ORES 
Uranium mining 

Australia produces about 4000 tonnes of uranium oxide per year at a value 
of about $300M (1987) on the export market. There is one active above-ground 
mine and one underground mine. Two mills are in production, with a third 
currently being commissioned, almost coincidentally with the imminent 
decommissioning of one of the existing mills. There are many sites of 

0 c 

Figure 3. Major sites of active and 'opo.ed uranium mines. 

economically recoverable ore (Figure 3) estimate ct over 500,000 tonnes, but 
further development in the industry is unlikely in the near future, while 
market conditions and Government policy are unfavourable. 
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Both types of mining lead to radiation exposure. The three major exposure 

pathways are external irradiation from the ore, inhalation of radon daughters, 
and inhalation of radioactive dusts. The relative magnitudes of these 
components vary between mines and from place to place within a mine site. 

Above-ground, or open-cut, mining involves explosive blasting of a 
mineralised rock deposit to release the ore, collection of broken rock by 
scoop or front-end loader, and transport to the mill stockpile by truck. 
Removal of the ore proceeds bench by bench as the pit grows (Figure 4). The 
latter operations may be carried out from within air-conditioned cabins, which 
reduce concentrations of radon daughters and dust, and which afford some 
shielding from external radiation. However, some of the drilling operations, 
placement of charges and other mine activities require occupation of the mine 
pit for extended periods, and for those workers absorbed doses may be high and 
radon daughter exposures may be substantial, although radon daughter 
concentrations at Australian open-cut mines have been found to be quite low 
(Leach et al 1980). 

S C A L E 
O 10 JO 4 0 60 METftCl 

Figure 4. Cross section through open-cut uranium mine. 
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In underground mines, both radon daughter concentrations and absorbed dose 

rates have the potential to be high, depending on the ore grade being mined. 
Again, those workers occupying air-conditioned cabins on drilling machines and 
earth-moving vehicles are afforded some protection from radiation. Adequate 
ventilation of the mine is required to ensure acceptably low concentrations of 
radon daughters (see Chapter 14), and occupancy may need to be restricted in 
areas of high ore grade to limit absorbed doses. Ventilation design and 
performance is a key concern of the Radiation Safety Officer at an underground 
mine (Sonter, 1987). Dust inhalation may be significant following blasting, 
at ore collection points and near ore crushing stations (Figure 5). 
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Mgure 5. underground mining methods. 
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r Most uranium mills use an acid leach process similar to that illustrated 
_̂ in Figure b. Ihe ore is crushed wet to a slurry and passed to leaching 
P i %» tanks. Acid leaching takes about 24 hours, then the uranium-bearing solution 

(pregnant liquor) is separated from the solid tailings by counter-current 
decantation and passed to a solvent extraction process. The uranium is 

I transferred from the loaded solvent to an ammonium sulphate solution from 
• which it is precipitated as ammonium diuranate by addition of ammonia. The 
K diuranate is then dried and calcined (roasted in a furnace) to drive off the 

f ammonia, leaving a uranium oxide product containing in excess of 90% U_0 o. 
Apart from the initial crushing stage, all subsequent processing up to the 
calciner involves wet chemistry in sealed vessels or water-covered tanks. 
Consequently, there is very little release of dust or radon in the mill. A 
potential for dust raising occurs at the calcining stage and in product 
packing, but these operations are normally controlled remotely or automated, 
requiring very little human occupancy of those areas. As most of the gamma 
flux from the ore comes from radon daughters, once the tailings have been 
separated from the process stream, absorbed dose rates in the latter stages of 
the mill are moderate. Average annual effective dose equivalents at one 
Australian mill have been estimated at between 1 mSv for office workers, 
storemen, etc and 15 mSv for mill operators and maintenance staff, with up to 
26 mSv being received by a small group of sample preparers (Marshman, 1983). 

j An alternative extraction method is based on leaching with sodium 
carbonate, but handling of ore and intermediate products would be similar to 
the acid leach process, as would radiation exposure conditions. In-situ 

|JS leaching has been proposed for one Australian site (Honeymoon) and, while this 
raises environmental issues related to the possible release of radionuclides 
into ground waters, the milling side of the process would be similar to that 
described above. 

m.4 

I 

'• 

: Associated with a mine and mill complex are various other sources of 
exposure, including stockpiles, waste rock piles and tailings disposal areas. 

1 All are potential sources of radon and radon daughters, and those that are 
I left after decommissioning of the mill - waste rock and tailings - create a 

source of potential long-term exposure of members of the public from radon 
daughters and surface-water or ground-water pathways (see Chapter 9). During 
operation, the major pathway for public exposure from a mine and mill having 
an effective water-management program is likely to be radon daughter 
inhalation arising from the atmospheric dispersal of radon from the large 
areas of exposed ore, waste rock and tailings. fr 
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Mineral sandmininq 

Australia is a major producer and exporter of minerals derived from 
sandmining operations on the West and East coasts (Figure 7). The most 
significant minerals are ilmenite, rutile, zircon and monazite (Table 4). 
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Figure /. Sites of mineral sands mining and processing. 
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Table 4. Australian mineral sands production 

Mineral Economic reserves Annual production 
(thousand % of world (thousand % of world value 
tonnes) resources tonnes) production ($) 

llmenite 40,000 5 1,200 19 41M 
Rutile 8,000 6 190 47 5/M 
Zircon 11,500 26 440 61 55M 
Monazite 217 3 18 60 7.6M 

Iota I export earnings: $160 million per year (1984). 

All of these minerals contain small impurities of thorium and uranium 
series radionuclides, the most active by far being monazite which contains 
6-/% thorium-232. Monazite is mined mainly for its content of rare-earth 
elements, including lanthanum, cerium, neodymium, gadolinium, dysprosium, 
yttrium and europium, used in various applications in the electronics, 
metallurgy, ceramics and chemical industries. However, the rare-earths are 
not, at present, extracted in Australia, and the monazite is exported as a 
radioactive mineral product. 

ihe minerals occur naturally as small grains in beach sand. Mine sites on 
the West coast lie on pre-historic beach sands, several kilometres from the 
present coastline, and mining is typically by scraper or bucket wheel. On the 
Last coast, mine sites are near the coastline or on offshore Islands and some 
of the mining is by underwater dredge. A primary concentration process at the 
mine site removes much of the silica sand by wet gravity separation (figure 
8). Ihere is little of radiological significance to this point in the 
process, as the concentration of radionuclides in the ore as mined is very low. 

lhe primary concentrate, which typically may contain about 1% monazite, is 
transported to a secondary separation plant, which 1s often remote from the 
mine site. It 1s at the secondary, or dry, separation stage that radiation 
exposures become significant, principally from Inhalation of radioactive dust 
and external irradiation by gamma rays. 
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Separation of the primary concentrate into the various mineral products 
exploits differences in their densities and electrical and magnetic properties 
(Figure 9 ) . Differences in electrical conductivity permit some minerals to be 
separated in high electric fields - rutile is more conducting than zircon and 
monazite, for example (Figure 10a). Differences in magnetic susceptibility 
allow the more magnetic minerals - for example, i lmenite - to be separated 
from the less magnetic (Figure 10b). Differences in density allow both wet 
and dry gravity separation (Figure 10c). 

All of these proceses, apart from wet gravity separation, require a very 
dry process material for efficient separation. The feed to the separation 
equipment is in a spatially dilute form to allow each grain to feel the effect 
of the applied electric, magnetic or gravitational field. As the efficiency of 
any one separation stage is rather poor, many stages are required and multiple 
passes of product streams may be necessary to reach an acceptable purity of 
mineral product. A consequence of the machine handling of hundreds of tonnes 
a day of such material is that copious dusts are raised, which may be inhaled 
by plant workers. 

•Mta M M 
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Mgure 10. Mineral sands separation techniques 
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Radionuclide concentrations in airborne dust near monazite processing 
streams are high (Mason et a I 1984) and they are typically quite significant 
throughout the dry separation plant. In addition, absorbed dose rates near 
monazite bagging and storage areas are high (Mgure 9 ) . Ihus special 
precautions are required in those areas, such as restricted occupancy, 
ventilation control or wearing of dust masks. Ihoron and radon concentrations 
are quite low. It is this occupational exposure that is of prime concern 
radiologically. 

Public exposures could arise from the dispersal of material off site. 
Tailings from a mineral sands operation are normally of little radiological 
consequence, as most of the activity has been removed with the monazite and 
zircon. The small quantities of active tailings from the latter stages of 
separation can be effectively disposed by dilution with primary tailings. A 
possible pathway for public exposure is through windblown material from dry 
stockpiles of active mineral. The major pathway in the past has been due to 
improper use of mineral sands products and tailings. Fhere have been many 
instances of active tailings being used for domestic or commercial landfill -
some of these have subsequently required remedial action. Also, until 
recently, an active garnet product derived from mineral sands processing has 
been used as a sandblasting grit (Wallace and Leach 198/). Neither of these 
pathways should occur in the future if relevant State regulations are observed. 
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far SUMMARY 
( ^ ihe mining and m i l l i n g of uranium ore and processing of mineral sands 

( H 7 ^ f creates several sources of exposure of people employed in those industr ies 
| ' and, in some cases, of members of the pub l ic . Properly i d e n t i f i e d , monitored 

and assessed, the pathways fo r human exposure can be cont ro l led t o l im i t the »•*] 
doses received to acceptable leve ls . 
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CHAPTER 3. BIOLOGICAL EFFECTS AND HAZARDS OF RADIATION EXPOSURE 

J . F. Boas and S. B. Solomon 

Austra l ian Radiation Laboratory 

ABSTRACT 

Radiation induced carcinogenesis and mutagensis form the main risk to 
health from exposure to low levels of radiation. This risk effects can be at 
least qualitatively understood by considering the effects of radiation on cell 
DNA. Whilst exposure to high levels of radiation results in a number of 
identifiable effects, exposure to low levels of radiation may result in 
effects which only manifest themselves after many years. Risk estimates for 
low levels of radiation have been derived on the basis of a number of 
assumptions. In the case of uranium mine workers a major hazard arises from 
the inhalation of radon daughters. Whilst the correlation between radon 
daughter exposure and lung cancer incidence is well established, the numerical 
value of the risk factor is the subject of controversy. ICRP 50 gives a value 
of 10 cases per 10 person-years at risk per WLM (range 5-15 x 10 
PYR WLM ). The effect of smoking on lung cancer incidence rates 
amongst miners is also controversial. Nevertheless, smoking by miners should 
be discouraged. 

INTROOUCUON 
The biological effects of ionizing radiation arise from the changes 

induced by radiation in the cells of the body. These changes result 1n either 
cell death, which occurs when the cell is unable to produce viable daughters 
on cell division, or in cell damage. In the case of cell damage, the cell can 
survive and divide, but may transmit an induced abnormality to future 
generations. On a molecular level, the energy lost by radiation in passing 
through a cell causes ionization of water molecules along the track of the 
particle or photon. These ions are then able to interact with the DNA 
molecules of the nuclear chromosomes of the cell, and cause breaks in the 

strands of the DNA double helix, which carries the genetic code. If only one 
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strand is broken, the cell is able to repair the break correctly within a few 
minutes, using the unbroken strand as a template. If both strands are broken 
in approximately the same position and at the same time (i.e. before repair of 
one can take place), there is no template and the strands may either not 
rejoin or may be rejoined with an incorrect sequence of base pairs. This 
incorrect sequencing will affect the structure (and hence the function) of the 
proteins of the cell, which are formed using the information carried by the 
DNA molecule. 

The molecular model of the effects of radiation allows us to explain a 
number of important biological observations, at least on a qualitative basis. 
These include 

(a) The acute effects of high doses of radiation, which result from 
substantial numbers of cell deaths, probably due to double strand breaks 
which are not repaired prior to cell division. 

(b) Cancer induction, which probably results from incorrect repair of the DNA 
molecule and the subsequent breakdown of the enzyme mechanisms controlling 
cell function and division. 

(c) Genetic effects, which result from the transmission of incorrectly 
repaired DNA molecules to future generations. 

(d) The differences between the dose-response relationships postulated for 
high LET radiation (a-particles, protons and neutrons) and low LET 
radiation (photons and electrons) and the greater effectiveness of high 
LET radiation 1n Inducing radiation effects. 

(e) The variation in the radlosensitivity of different organs or tissues 1s 
related to the rate at which the cells divide and the rate at which DNA 
repair can take place within a cell. 

Some of these observations will be discussed in more detail 1n subsequent 
sections. However, 1t should be noted at this point that few areas of biology 
generate more controversy than those associated with the questions of 
dose-response curves and thresholds at low doses. Since even persons who are 
exposed as a result of their occupation are unlikely to receive lifetime 
occupational dose equivalents 1n excess of around 100 mSv (Thorne 1987), most 
radiation exposures, to both radiation workers and to members of the public 
are in the low dose category. 
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CLASSIFICATION AND NATURE OF RADIATION EFFECTS 

The effects of radiation are classified as somatic or genetic and 
stochastic or non-stochastic. 

i 
Somatic effects are those which appear in the exposed person. They 
include acute short-term effects, which appear as a result of a 
single large exposure (e.g. nausea, infection) or late effects (e.g. 
cancer, cataract formation). 

Genetic effects are those which appear in future generations. They 
may be inconsequential to the individual of a later generation or may 
result in a serious handicap. 

k* 

Stochastic effects are those which occur in a statistical manner, 
i.e. the probability of the effect occurring is a function of dose 
and has no threshold (i.e. there is no dose below which the effect 
does not occur). Cancer induction and the induction of genetic 
defects are normally considered to be stochastic effects. Given a 
population exposed to a known amount of ionizing radiation, it is 
possible to estimate how many cancers will be induced but not to 
identify which particular individuals will contract cancer as a 
result of that exposure. The severity of a stochastic effect is 
independent of the dose received. 

4 

i i 

Non-stochastic effects are those where the severity is a function of 
dose and where there is a clear causal relationship between the 
exposure and the effect in a particular individual. There is usually 
a threshold below which no effect is observed. An example of a 
non-stochastic effect 1s skin reddening e.g. as in a sunburn. 

Effects of High Radiation Doses - The Acute Radiation Syndrome 
The acute effects of radiation exposure have been documented and are 

summarized in Table 1 for the case of a single, large, short-term, whole-body 
dose of gamma radiation (see e.g. Turner 1986). 

* -
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Table 1 

Acute Radiation Syndrome for Gamma Radiation 

Dose 
(Sievert) 

Symptoms Remarks 

0 - 0.2b None 

0.2b - 1 Mostly none. A few persons may 
exhibit mild prodromal symptoms, 
such as nausea and anorexia 

I - 3 Mild to severe nausea, malaise, 
anorexia, infection. 

3 - 6 Severe effects as above, plus 
haemorrhaging, infection, 
diarrhea, epilation, temporary 
sterility. 

More than 6 Above symptoms plus impairment 
of central nervous system; 
incapacitation at doses above 
10 Sv. 

No detectable effects. 

Bone marrow damaged; decrease in 
red and white blood-cell counts 
and platelet count. Lymph nodes 
and spleen injured; lymphocyte 
count decreases. 

Haematologic damage more severe. 
Recovery probable, though not 
assured. 

Fatalities will occur - about 
50°/o in the range 4.5-5 Sv. 

Death expected. 

Ihe acute radiation syndrome exhibits four sequential stages, where the 
individual exhibits symptoms which depend on the magnitude of the dose. 

up to 48 hours after exposure (the prodromal period), tiredness, nausea, 
sweating, anorexia. 

48 hours to 2 or 3 weeks after exposure (latent period), general 
wel1-being. 

2 or 3 weeks 1o 6 to 8 weeks after exposure (manifest Illness stage), 
damage to the haematological system as shown by haemorrhaging and 
infection, fever, loss of hair (epilation), lethargy, perception 
disturbances, diarrhoea. Death may also occur during this period. 

several weeks or months later, a recovery stage occurs. 
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An acute, whole body gamma ray dose of around 5 Sv is regarded as being 

fatal to 5 0 V o of the population within 30 days. This is designated as the 
LD50/30 dose. 

Delayed Somatic Effects 
These are effects which are only manifested many years after exposure of 

the individual concerned. The most important of these is the production of 
cancer. However, there a number of other effects which may occur, including 
degenerative changes of specific organs and organ systems, cataracts, 
impairment of fertility and growth and developmental defects in fetuses and 
young children. The ICRP has set special limits on exposures to the lens of 
the eye and on the exposures to women during the gestation period (see below). 

Genetic Effects 
Studies on various species (e.g. the mouse or the or the fruit-fly 

Drosophiia) have given evidence for the dose dependence of the induction of 
genetic abnormalities. However, there appears to be no reliable data for 
similar occurrences in man. Part of the difficulty in arriving at reliable 
estimates of the genetic risk arises because the normal incidence of genetic 
abnormalities is approximately 10°/,, of all live births. (Not all of the 
defects are necessarily harmful or fatal). In the case of the A-bomb 
survivors, extensive studies have failed to provide clear evidence of 
inherited abnormalities in children born since 1945. Even though there does 
appear to be evidence of a slight increase in the incidence of several types 
of genetic defect, the overall statistical evidence is assessed as being not 
reliable enough (Mettler and Moseley 1985, p60). However, there is evidence 
for an increased frequency of mental retardation in children exposed in utero 
to the atomic bomb radiation at Hiroshima and Nagasaki (Otake and Schull, 
1984). 

Both UNSCEAR (1982) and BEIR (1980) have compiled extensive reports on the 
genetic effects of ionizing radiation. These reports are broadly consistent 

-3 with the estimates of risk given by ICRP (1977) of 4 x 10 serious 
hereditary effects in the first two generations per parental Sv. The risks to 
future generations are regarded as being twice this figure. The figure given 
above, which corresponds to 20 cases per generation per million persons 
exposed to 10 mSv (1 rem), may be compared with the incidence of serious 
genetic defects not attributable to radiation of ca. 10,000 per million live 
births and of another 90,000 per million live births of Irregularly inherited 
genetic disorders (Mettler and Moseley 1985 p56, BEIR 1980 p85). 
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CANCER INDUCTION BY IONISING RADIATION 

Data on the number of cancers induced following radiation exposure have 
been obtained from 

(a) studies of the A-bomb survivors at Hiroshima and Nagasaki. 

(b) accidental irradiation from fallout after nuclear weapons tests (e.g. at 
Bikini Atoll). 

(c) studies of patients after radiotherapy and diagnostic radiation exposures. 

(d) occupational exposures, such as those of radium dial painters (for 
luminous watch dials), doctors and others engaged in radiation diagnosis 
and therapy and workers in uranium mines. We will consider the latter 
studies in more detail below. 

Several qualifications need to be made when discussing this data. 

(a) The doses and dose-rates are generally high e.g. doses greater than 500 
mSv (50 rem) and dose rates greater than 10 mSv min (1 rem min ). 

(b) Data derived from patients undergoing medical treatment may not be 
^ representative of the population as a whole. 

i 
\ 

§ 
(c) The actual radiation doses received in some of these studies are subject 

to large uncertainties. In the case of the A-bomb data, the doses 
received have recently been re-interpreted and this may lead to a revision 
of the risk factors (RERF, 1987). 

,| (d) Since the total number of persons with each type of cancer was relatively 
A small, there are large uncertainties in the rates of induction of cancer 
*""-"% of each type. 

t / From these types of study mortality rates have been derived and are 
1 expressed in terms of the probability of induction of a fatal cancer in a 

' , person exposed to 1 Sv of radiation. Some of these mortality rates are given 
' ' ; in Table I. 

* 

% 
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Table 2 

Comparison of mortality rates for human carcinogenesis (UNSCEAR 197/) 
at high doses and dose rates 

Cancer Type Oata Source Risk Coefficient 
(MortaIi ty/person-Sv) 

Leukaemia 30 x 10 Hiroshima and Nagasaki 
Ankylosing spondylitis 
Pelvic irradiation 17 x 10 
(not in utero examinations) 

11 to 25 x 10 
4 

-4 

Thyroid cancer Hiroshima and Nagasaki 
Marshall Islanders 
Radiotherapy of children 

0.5 to 2 x 10 
-4 6 x 10 

1 to 5 x 10~ 4 

-4 

Lung cancer Hiroshima and Nagasaki 
Uranium mining 

10 to 25 x 10 
40 to 180 x 10 -4 

Breast cancer Hiroshima and Nagasaki 
Multiple fluoroscopy 
Radiotherapy 

-4 13 x 10 
110 x 10 
210 x 10" 

Bone cancer Radiotherapy 
224 Treatment with Ra 

3 to 5 x 10 
20 to 25 x 10" 

CANCER INDUCTION AT LOW DOSES AND DOSE RATES 
Whilst estimates can he readily made of the increased cancer risks at high 

doses, most occupational and public exposures are quite low. Few occupational 
exposures are greater than 3 mSv year (Pochin, 1987), and it must be 
remembered that natural background exposures are around 2 mSv per year. Thus 
valid estimates of carcinogenic risks from populations exposed at dose rates 
of a few mSv per year or less are very difficult to obtain. Three types of 
study may be mentioned in this context. 

(a) attempts to detect excess cancers in populations living in high background 
areas (e.g. at high altitude or in areas with high natural backgrounds 
such as Kerala (India)). 
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(b) detection of excess cancers following occupational exposures. 

(c) detection of excess (or apparent excess) cancers in small communities. 

These thre? types of study have been discussed by Pochin (1987). However, 
it still remains true that at the present time there are no reliable estimates 
of the risks of radiation exposure at low dose rates. Thus the risk factors 
for low doses and low dose rates are based on the results at high doses -
making the assumptions that 

(a) there is no threshold 

and (b) that there can be a linear extrapolation of the risk factors at high 
doses to zero at zero dose. This is the linear hypothesis. 

There is very considerable debate about the validity of both these 
assumptions. The ICRP (1977) and the majority of the BEIR III Committee (BUR 
1980) consider that up to a few gray of absorbed dose, the dose-response curve 
has the form 

E = aD + bD Z 

where E represents the effect concerned, 0 the dose and a and b are 
constants. This rwans that a linear term predominates at low doses and a 
quadratic term at high doses. The assumption is then made that this 
expression can be simplified to 

£ = aD 

at low doses and dose rates (ICRP 1977). This is justified on the basis that 
the doses of interest in radiation protection are generally relatively small 
and/or are delivered at low dose-rates. The linear expression is then used to 
extrapolate the risk factors derived at high doses and dose rates (Table 2) to 
low doses and dose rates, with the risk being zero at zero dose. Despite 
these difficulties, the ICRP has derived risk factors which "are Intended to 
be realistic estimates of the effects of irradiation at low annual dose 
equivalents (up to the Commission's recommended dose-equivalent limits)" (ICRP 
197/). The risk factors are given in (able 3. 
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Table 3 

Risk Factors 

Organ or tissue Risk (Sv ) Comments 

Gonads 4 x 10 -3 

Red bone marrow 2 x 10 
tndosteal cells on b x 10 
bone surfaces 
Lung 2 x 10" 
Thyroid 5 x 10^ 
Breast 2.5 x 10 
Skin 1 x 10" 
Other tissues <5 x 10 

-3 
-4 

-3 

-3 

Serious hereditary effects in the 
first two generations of 
offspring 
fatal leukaemia 
Fatal osteosarcoma 

Fatal lung cancer 
Fatal thyroid cancer 
Fatal breast cancer 
Fatal skin cancer 
Fatal cancer 

If the linear-quadratic dose-response curve is correct, the use of a 
linear extrapolation to estimate the risks at low doses from those at high 
doses will result in an over-estimate of these risks. A section of the 
radiation protection community believes that there is a gross over-estimate of 
the risks. However, a number of authors consider that the linear hypothesis 
results in an under-estimate of the risks (e.g. Gofman 1981), particularly for 
neutron irradiation (i.e. high Ltl) (Rossi 1980). Conversely, other authors 
claim that there are hormesis, i.e. beneficial, effects at low doses. (Sagan 
1987). 

RADIATION HAZARDS DURING MINING AND MILLING OF RADIOACTIVE ORES 
(he three main sources of radiation hazard during the mining and milling 

of radioactive ores arise from 

(a) the external y-radiation 

(b) inhalation of the decay products of radon 

(c) inhalation or ingestion of long-lived radioactive dust 
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The existence of radiation hazards during the mining and milling of 

thorium-containing ores has only recently been recognized as a matter of 
concern. Similarly, the hazards arising from inhalation or ingestion of 
radioactive dust have only recently been recognized as the major hazard in 
some Australian uranium mines. There is therefore no body of epidemiological 
data on which to base estimates of risk from these sources of exposure. 
Whilst there has been a greater recognition of the hazard due to Y-radiation 
in a uranium mine (e.g. McCurdy et al 1969, Miller 1977, Frank and Benton 
1981) the epidemiological data again does not appear to have been collected. 

The procedure followed to estimate the risk of fatal or genetic effects is 
therefore to use the radiation dose as measured or estimated in the field, 
dosimetric models (see e.g. Chapter 8) and the risk factors of Table 3. This 
procedure may be illustrated by the following example. 

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 were as high as 2°/ 0. Such ore grades are atypical). 
The y-ray field above a 0.2°/ o ore body is ~ 10 pGy h" . 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 0.0l°/„ 
or less than a 0.1"/„ increase to the natural mutation rate. 

Historically the largest single cause of deaths from radiation exposure in 
the uranium mining industry has been regarded as arising 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 

_3 
estimates of the radon concentration range as high as 400 kBq m (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. 
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From calculations of the radiation dose to the lungs and trachea following 

the inhalation of radon, it was round that the main contribution to the lung 
dose arose from the alpha-particle radiation produced by the 4 short-lived 

214 
Po. The calculations 

218 n 214 n. radon daughters; Po, Pb, Bi and 
indicated that radon daughters not attached to aerosols were deposited in the 
upper respiratory tract where they subsequently decayed. Atoms attached to 
aerosols were deposited deep in the lungs. The heaviest radiation doses arose 
from a-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 of greater importance to radiation protection than the radon concentration. 

'J 
1 

i 
1 

V 

Epidemiological Studies of Lung Cancer Risks for Mining Populations 
Epidemiological studies of the lung cancer risks for mining populations 

have been apoearing since the early 1970's. The field is currently of 
considerable interest and controversy, as the risk factors derived from these 
studies are the only reliable estimates of the risks applicable to elevated 
levels of radon in homes. The various epidemiological studies and the 
approaches to models for lung cancer risks have been summarized in ICRP SO 
(1987). A number of detailed accounts of the problems due to the hazards of 
indoor radon have also appeared recently (see e.g. Bodansky et al. (198/) and 
Nazaroff and Nero (1988). 

It is useful to bear in mind that the risks can be expressed either in 
terms of a relative risk model or an absolute risk model. The relative risk 
model is based on the assumptions thai a single exposure to radon daughters at 
a particular age leads, after a constant latent period to an excess of the 
age-specific lung cancer rate which is (a) proportional to this exposure and 
(b) is also proportional to the normal rate in the particular population group 
without exposure to radon daughters. The risk coefficient is expressed in 
terms of the relative increment of the expected lung cancer frequency per unit 
of exposure (i.e. Observed - expected/expected, expressed as a percentage, per 
WLM). 

The absolute (or excess) risk model assumes that there is no correlation 
between the radiation induced excess rate and the normal, strongly 
age-dependent, appearance of lung cancer, i.e. that a single exposure to radon 
daughters at a particular age, leads, after a certain time lag, to a potential 
excess rate of lung cancer which remains constant in the subsequent lifetime 
but which can depend on the age at exposure. The absolute risk coefficient is 

expressed as the number of excess cases per 10 person-years at risk (PYR) 
per unit of exposure (usually WLM). 
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Whilst both models may be applicable to the data (see e.g. Muller et al. 

1985, but cf. ICRP 50 (1987) p 30) there seems to be general agreement that 
the conclusions derived from the relative risk model are more readily 
extrapolated to a different population (e.g. to a study of the exposure of the 
general public to indoor radon) than the absolute risk model. However, for 
convenience and ease of comparison between the various studies we will express 
the risk coefficients below in terms of the absolute risk, i.e. number of 
excess cases per 10 person-years at risk (PYR) per WLM of exposure. It 
should be noted that it is often assumed that for exposure at young ages, the 
excess rate starts at age 40 years and for exposure at higher ages, a time lag 
of 10 years is often assumed (ICRP 50 (1987), p 36). However, detailed 
comparisons require a knowledge of these assumptions. 

The most comprehensive of the earlier epidemiological studies of the 
effects of exposure to radon daughter products were carried out on miners from 
the Colorado Plateau in the U.S.A. and on uranium and other mine workers in 
Czechoslovakia. Both studies showed a correlation between the cumulative 
exposure, as measured in Working Level Months (WLM) and the increased 
incidence of lung cancer amongst the mine workers. This correlation remained 
valid even when other possible influences such as age, smoking habits, 
population selectivity, measurement accuracy and prior hard rock mining 
experience were considered. 

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 
19/3). 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. 
Ihe 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 

6 per year per 10 miners-WLM. Over a 30 year period this amounts to a total 
risk of 100 x 10" 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 
Czechoslovakian 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. Mgure 2 shows the results for miners who commenced work 
during the years 1948-1952. The miners were followed up for a period of 26 
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Figure 1. Risk of Lung Cancer fo r U.S. Uranium Miners, 1951-1971 

(The inset shows the r i sk for low cumulative exposures). 
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years. The resultant exposure-response data are again consistent with 
linearity, and some of the data are shown 1n Figure 2. The data yield an 

-b 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 3/0 x 
10 cases/WLM for those older than 40 years. 
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Figure 2. Risk of Lung Cancer for Czechoslovakian Uranium Miners, 
1948-1978. 

Other studies on excess lung cancers due to radon daughter exposure have 
included:-

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

(11) A study of fluorospar miners in Newfoundland yielded an excess 
-6 mortality rate of 2.2 x 10 cases per year/WLM (de Vllliers et al. 

1971). 

(111) A study of miners 1n British Iron ore mines found an excess mortality 
-6 rate of 6.0 x 10 cases per year/WLM (Boyd 1970). 
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(iv) Studies of miners in uranium mines in Ontario, Canada showed an 
w * . increase in the death rate from lung cancer, from 0.3°/„ for the 
I ' * unexposed control group, to 3.7°/,, in the group with a cumulative 

exposure of 180 WLM. (Ham 1076). These data were consistent with a 
. linear, non-threshold dose-response function down to exposure levels 
J of 10 WLM. A separate study of miners at Port Radium, Northwest 
J Territories, Canada (Grace et al 1980) confirmed the earlier trends 

but indicated that a more exhaustive follow-up on mine employees 
exposed to air-borne radiation, was required. 

The initial studies have been re-evaluated and additional data included. 
Summaries are given in the 1980 BEIR report (BEIR 1980), by Thomas et al. 
(1985), in the 1986 UNSCEAR report (UNSCEAR 19C6) and in ICRP 50 (1987). Some 
of the uncertainties in these studies have been discussed by Steinhauser and 
Hofmann (1985). The most recent of these follow-up studies is of the 
Czechoslovakian mine workers (Sevc et al. 1988). Their conclusions may be 
summarized as follows:-

(i) A significant excess of lung cancers occurs in exposure categories 
below 50 WLM and furthermore, there appears to be an increased risk 
per WLM at low exposures when compared with that at high accumulated 
exposures. However, the effects of background radiation, e.g. from 

•,$ Rn daughters in dwellings, were not taken into account. 
i 

£§. (ii) The mean attributable annual cancer risk after about 30 years of 
observation was c_a 20 x 10 y WLM and for persons 
commencing exposure after 30 years of age, ca 30 x 10 y 
WLM" 1 . 

if 

l\ (111) The dose-effect relationship and the attributable risk of lung cancer 
j per WLM were influenced by the total exposure accumulated, the rate 
*•"-"% of the accumulation of the exposure and the age at first exposure. 

i 
I (iv) The effects of smoking and exposure to o-rad1ation from Rn daughters 

were nearly additive. 

' . The substantially larger risk estimates resulting from the Czechoslovakian 
study when compared with those resulting from the study of the Colorado miners 
has been noted (see e.g. Sevc et a 1. 1988, Thomas et al. 1985 and BEIR 1980 

rijfc p 325). The Czech estimates are consistent with the revised estimates from 
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the studies of Swedish and Canadian miners. There seem to be only two 
explanations for this difference namely that either the radon-daughter 
measurements in the U.S. mines have overestimated the exposures by a factor as 
large as 3 or that the higher dose rate in the U.S. mines has led to less risk 
per unit of cumulative exposure than the lower dose rates in other mines. 
(BEIR 1980 p 325). A recent re-evaluation of the early measurements of the 
lifetime exposures to radon and radon daughters of the U.S. uranium miners 
indicates that overestimation did occur (Schiager 1989). 

As a result of these studies, the Task Group responsible for ICRP 50 gives 
an average value for the absolute risk coefficient which it regards as the 
best estimate for the radiogenic lung cancer risk among miners averaged over 
all age groups at the start of mining. The average is 10 cases per 10 PYR 

-6 -1 -1 per WLM, with a probable range between 5 and 15 x 10 PYR WLM . The 
risk coefficient takes into account a minimum latency of 5 to 10 years and 
includes also the risk contribution from external ^-irradiation and inhaled 
long-lived radionuclides in mines. 

for a working-year exposure at 4 WLM per year (approximately the 
occupational limit), the number of induced lung cancers may be estimated to be 
1 to 2 cases per 1000 workers, over a period of 40 years after exposure. 

However some authors (e.g. Cohen 1982, 1987) contend that the linear, 
no-threshold relationship over-estimates the risk from Rn-decay-products by a 
factor of at least 4. 

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

miners. Although cigarette smoking 1s Itself associated with Increased lung 
cancer Incidence, smoking alone 1s not able to account for all excess uranium 
miner lung cancers. The lung cancer rates for cigarette smoking uranium 
miners were at least a factor of 6 greater than from smoking non-mineri. 
There is also evidence for a possible Interaction between dgare^e coking 
and radon daughter exposure. It has been noted that dgaretre smoke particles 
are the optimum size for attachment of radon daughter products. The excess 
mortality rates from lung cancer amongst non-smok1ng uranium miners were a 
factor of 8 lower than for miners who smoke at least 20 cigarettes per day 
(Archer 1976). lhe difference 1n the slopes of the curves in Figure 1, for 
white and non-white miners, may be due to differences in smoking habits. For 



75 
the white sample grouo, 77°/ 0 of the miners and 99°/ 0 of the lung cancer 
cases were cigarette smokers. The non-white sample group were predominantly 
non-smoking amerindians. lhere 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. 

A more recent study (Saccomanno et al 1986) has re-analysed the earlier 
data. The conclusions were reached that the risk of lung cancer was 
significantly increased by radon exposure in cigarette smokers over that in 
non-smokers. However, whilst the contributions to the risk of age, smoking 
and mining were additive, there was no synergistic (i.e. multiplicative) 
interaction between the latter two. In addition, the authors concluded that 
radon decay product accumulations of less than 300 WLH were not carcinogenic 
in non-smokers. However, the issue of whether the risks of lung cancer due to 
exposure to radon decay products and to smoking are synergistic or merely 
additive is still debated, as Whittemore and McMillan (1983) found that a 
multiplicative model gave a better fit to the data than did the additive model. 

It should be noted that a contrary view is expounded by Sterling (1983) 
who has reviewed data which suggests that smokers may develop less lung 
cancers than did non-smokers. A similar observation has been made from 
studies on beagle dogs and explained as arising from the increased mucus 
production (Gies et al. 19b7). Notwithstanding these results, current 
radiation health practice accepts the possibility of a synergystic effect and 
aims at discouraging smoking amongst mine and mill workers. 

SUMMARY 
For most mining and milling operations in Australia, both planned and 

operational, the somatic and genetic risks associated with y-radiation 
exposures are small, with exposures being well within the occupational limits. 

The largest risks related to radiation exposure arise from the inhalation 
of radon daughter products and the inhalation or ingestion of radioactive 
dust. The risks are small at exposure levels below the occupational limits. 
In view of the possibility that cigarette smoking has a synergystic effect on 
lung cancer induction when combined with radon daughter inhalation, it should 
be particularly discouraged amongst workers involved in mining and milling of 
radioactive ores. 
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CHAPTER 4. THE MEASUREMENT OF ALPHA, BETA AND GAMMA RADIATIONS 

P. 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 optical 
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 occurring in the radionuclide being considered, the 

-jj type and energy of the radiation being emitted and the processes involved when 
these radiations pass through the medium of the detector. A suitable choice 
of detectors can then be made and the quantity of interest can be determined. 

TYPES OF RADIOACTIVE DECAY 
Alpha decay is the emission of an alpha particle consisting of two protons 

and two neutrons from the nucleus. There is usually a small amount of 
residual energy which is then emitted as a gamma ray, or, as is more often the 
case, by internal conversion, where an internal conversion electron are 
emitted from the atomic system surrounding the daughter nucleus. Some of the 
decay energy is also taken by the recoiling daughter nucleus. 
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Beta decay is the transformation of a radionuclide by the change of a 

proton into a neutron, or vice versa, and the emission from the nucleus of an 
electron or positron and a neutrino. 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 energy taken by the 
electron is not uniquely determined and all energies from zero to the maximum 
are possible. 

Electron capture occurs when an inner shell electron is captured by a 
nucleus. Xrays or Auger electrons are then emitted as vacancies in the atomic 
shells are filled. From the point of view of the nucleus, electron capture 
corresponds to positron emission. 

For each type of decay it is possible that the daughter nucleus may be 
left in an excited state which will result either in the emission of a gamma 
ray, or through the process of internal conversion, emission of an internal 
conversion electron plus an X-ray or Auger electron as the vacancy in the 
atomic shell is filled. 

Fission is the splitting into 2 or more parts of a nucleus. The 2 
resulting nuclei are usually left in an excited state. 

RADIATIONS LMI1TE0 
As a result of these decay processes the following types of radiation are 

commonly observed following nuclear transformation. 

Alpha particles: Monoenergetic charged particles with energies in the 
range 3.5 to 9 MeV. A radionuclide may emit alpha particles at 2 or 3 very 
similar energies. 

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 maximum energies encountered are 2 keV to 3500 keV. 

Gamma rays: Monoenergetic photons with a range of interest from 10 keV to 
3 MeV. The term gamma ray refers to the production of a photon within the 
nucleus rather than 1s often inferred to their energy being greater than that 
of an X-ray. 
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Internal Conversion Electrons: Monoenergetic electrons with an energy 

equal to that of the ganvna ray converted, less the atc.nic shell binding energy 
of the electron. Only conversions from the K shell and L shell are usually of 
interest. 

A-rays: Monoenergetic photons resulting from the filling of a K shell or 
L shell vacancy which resulted from either internal conversion or electron 
capture. They usually occur in doublets or multiplets corresponding to the 
various atomic shells and sub-shells. 

Auger electrons: Monoenergetic 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 difference in the binding energy of the 
vacant state and the state from which the electron comes. These are always 
found in multiplets. 

THE PASSAGE OF RADIATION THROUGH MATTER 
Alpha particles 
Alpha panicles lose 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 1s by collision with outer shell 
electrons (i.e. ones with low binding energies). The absorber therefore 
appears as a cloud of electrons with a density that increases with the atomic 
number and density of the material. 

If the alpha particle has a mass M and energy E and collides with an 
a 

electron of mass m, then the maximum energy an electron may acquire is, 
non-relativistically by conservation of momentum:-

'*\ 
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vmx ' < 4 " M /<" H"> ) E a 

As M is about 7300 times m the following approximation applies 

fr 

^ a, 
max 1825 

For alpha particles with an energy of several MeV the maximum energy loss 
1s approximately 2 keV (Oearnaley and Northrop 1966), their average energy 
loss per collision 1s much less than this. 

r 
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]FVk As the binding energy of the outer shell electrons is usually tens of eV 

it is justifiable to consider the collisions as occurring with free 
electrons. At each collision, an alpha particle loses much less than one 
thousandth of its energy and 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 statistically well defined. 

5 MeV alpha particles will travel less than 30 microns in silicon (Marion 
1960). a's are therefore degraded in energy by passing through matter rather 
than being absorbed or attenuated. Of course once the energy reaches zero the 
a-particle ceases to be radiation. 

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

and ionization of the electrons in the absorber. However as both electrons 
have the same mass, a large proportion of the energy of the incident electron 
may be transferred and scattering will take place. Because of this 
scattering, the range and direction 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 

ft' effect, which predominates at lower energies, is the photoelectric effect. 
|JJ This occurs when a photon interacts with an electron from an inner orbit. The 

electron 1s ejected with an energy equal to that of the photon minus its 
binding energy. 

•i E = E - E K 

•t p Y b 

Subsequently one or more X-rays 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 colMslon 
between a photon and an atomic electron in which the electron binding energy 
1s very small compared with the photon energy. The energy 1s shared between 
the scattered photon and the recoiling electron. 
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Ihe third process is pair production and this occurs at photon energies 

above 1.02 MeV. 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 
with an electron yields two 511 keV photons which travel in opposite 
directions. 

In each of these three processes, photon are removed or deflected from 
their original path by a single interaction process, unlike the case of the 
slowing down of alpha or beta particles. The number of photons absorbed in a 
thickness, dx, of absorber is therefore proportional to dx and to the 
intensity of the beam at that point. Integrating this gives the familiar 
exponential attenuation:-

I - I e-* x 

o 

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

,_-33 u,5 _-3.5 -1 v x = 10 NZ E^ cm 

Thus v 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 per unit volume. 

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

II 
A E = E /(l + [1 - cos 8] E /mc 2) 
i Y Y Y 1 

'] where e is the angle between the direction of the scattered photon and its 
] original direction. 

' . When the scattering angle is 180°, E has Its minimum value. This is 
' , commonly called the "back scatter" condition and corresponds to a maximum 

energy transfer to the electron. 

*tfe Compared to the photoelectric effect and the Compton effect the 
'w. , probability of pair production 1s small 1n the energy region from 1.02 MeV to 

2 MeV and does not occur at all below 1.02 MeV. 

f 
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Neutrons 

When neutrons pass through matter, being uncharged, they have essentially 
no interaction with electrons. The absorption of neutrons can only occur when 
nuclear collisions 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. 

(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 parti-'es may be emitted. In some cases fission of the 

235 compound nucleus may occur (e.g. fission of U). 

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 therefore 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, for a given 
medium the mean energy per 1on or electron produced, is relatively independent 
of particle type and energy. Some values for electrons for common detector 
materials are as follows (Fulbrlght 1958). 

Air 34.2 eV 
Argon 26.3 eV 
Methane 28.1 eV 
Silicon 3.8 eV 
Germanium 2.9 eV 
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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 silicon or 
germanium there will be approximately ten times as many ion pairs produced as 
for detectors such as, ionization chambers filled with argon, or Nal(Tl) 
crystals. The energy resolution of these semiconductor detectors is better 
because of the larger number of ion pairs produced. 

i 

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 ionise the detection 
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 
ionisation 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 optical photons which are detected 
by a photomultiplier tube. 

i i 
if 

(a) Gaseous lonisation Detectors 
The gaseous ionisation chamber 1s 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, which is held at earth potential, and a wire running through the gas, 
held at some positive high voltage (usually several hundred volts), which acts 
as the anode. 

Approximately 10 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 (Dearnaley and Northrop 1966). These begin to drift 
towards the electrodes at a rate dependent upon the electric field. Electron 
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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 be 
proportional to the energy of the incident radiation but the signal may now be 3 10 times larger. Such a chamber is called a proportional chamber. The 

-6 output pulse rises to half amplitude in about 10 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 ysec 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 vsec and the rise 
time of the output pulse is approximately one v»sec. 

(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 photomultipHer tube. The electron 
released at the photocathode is multiplied at each stage of the tube resulting 
1n a large current pulse at the anode. The detecting medium may be solid, 
liquid or gaseous, the solid (e.g. Nal) being the most common type. Solid 
scintillation counters have high electron densities and high efficiencies for 
gamma rays 1n a small volume. This type of detector is also capable of 
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relatively good energy resolution. 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 
-8 in an excited state returns almost immediately (within 10 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 

-8 
10 s.) 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 -9 example the fluorescent lifetime is approximately 3.5 x 10 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 sc',ntil1ators are also available in various forms ranging from the 
sheets 125 microns thick to thick blocks. These materials also have fast -9 fluorescence life times of generally less than 5 x 10 sec. 

Inorganic crystals suitable as scintillators are primarily the alkali 
halides and their scintillation 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 visible 
radiation. The fluorescent radiation is generally too low 1n energy to excite 
electrons in the host ldttlce of the scintillator so that the crystal 1s 
transparent to it. The activator may be chosen to give the emission spectrum 
most suited to the photomultiplier response curve. Common activators are 
thallium 1n alkali hadldes such as sodium Iodide, and silver in zinc sulphide, 
with concentrations of the order of 0.1 per cent. This corresponds to 
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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 0.25 microseconds. 

Liquid scintillators are commonly used to measure alpha and beta particles 
where the radionuclide to be measured and the detecting material are mixed 
together in a vial, resulting in high geometric efficiencies. A sample 
prepared for liquid scintillation counting includes at least three 
components; namely the material being counted, a solvent and a 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 
(Rapkin 1967). Therefore a low energy beta emitter such as tritium (E„ = 18 
keV) produces less than 130 photons per event. 

A commonly used liquid scintillator is 2, 5 - diphenyloxazole (PPO) which 
^ has a fluorescence spectrum which peaks at 380 nanometers. Greater efficiency 
if can be obtained when counting low energy beta emitters by using a secondary 

scintillator which absorbs light photons emitted at one wavelength and 
re-emits them at a longer wavelength, more suited to the response of the 
photomultiplier tube. If quartz window photomultipliers are used, optimum 
performance will be achieved without secondary scintillators. One of the most 
Important secondary scintillators is 1,4-b1s-2-(5- phenyloxazole)-benzene 

!{ (POPOP). 

i' 
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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 

1 , fluorescence process, with a consequent reduction 1n the count rate. 
i • 

i 
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 
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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 scintillator 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 because of absorbance of light by 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 tc lower energies. 

The efficiency and resolution of all types 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 photomultiplier tube. 
(d) Absorption of light at the photocathode with emission of 

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

A beta particle 1n 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 1s released from the 
photocathode of the photomultiplier for each 300 eV of energy dissipated in a 
crystal of Nal(TI), while 1n organic scintillators the total energy 
dissipation 1s between 1 and 5 keV per photelectron. Thus 1t is more 
efficient to collect electrons liberated by Ionization 1n 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. 
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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 
the optimum resolution expressed as full width at half maximum approaches 
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 
Semi conductor crystals fabricated as diodes are like 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 ..rve a number of advantages over gaseous ionization chambers. Firstly 
their greater density and stopping power means that there can be 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 cf 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 conductivities sufficiently low to have small standing 
currents, tend to contain most traps. An additional problem 1s that of 
crystal uniformity. Unless a crystal 1s uniform, as regards most of Its basic 
semiconductor properties, it is unlikely to act 1n an ideal way. A 
homogeneous counter his great advantages of flexibility and simplicity. The 
properties required by a good counter are summarized below: 
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(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. 
(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 very 
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 very 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 recrystalUze 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 1s formed by creating an n-type and a p-type region 1n 
a semiconductor crystal. Some of the most commonly used semiconductor 
junction counters are now described. 
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The most common type of diffused .junction detector 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 doped p-type layer. 

Most commercial available surface barrier detectors are 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 l 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. 

Diffused junction detectors are available in planar form in thicknesses up 
to 1 mm and are used in many health physics applications where robustness is 
more important than resolution. Surface barrier detectors offer better 
resolution than diffused junction detectors and can be obtained in thicknesses 
up to 2 mm; however they are more easily damaged. Lithium drifted detectors 
are available in planar form of greater than 10 mm in thickness or 1n coaxial 
form where an annular ring of lithium drifted germanium encloses a p-type 
core. In the co-ax1al form a cylindrical detector of germanium up to 6 cm in 
diameter and 6 cm long may be constructed. Such a device 1s about 30% 
efficient when compared to a 7.5 cm by 7.5 cm Nal(Tl) detector for cobalt-60 
gamma rays from a point source at 25 cm. 

I ; 
. ' ' SIGNAL PROCESSING FOR COUNTING 
< All the devices so far discussed produce a charge pulse at their output, 
• , in the form of a pulse of electrons at the detector anode. This pulse must be 

taken, shaped and amplified through various electronic devices in order to be 
recorded in the counting device. If the anode is Leased at some positive high 

*|ft voltage then the charge pulse usually first passes through a series capacitor 

if 

1 i 
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f \ y known as a decoupling capacitor to eliminate the O.C. potential. The charge 
! k*l^ n»y then be collected on a capacitor in parallel with a resistor to form a 
H " pulse whose size in volts is proportional to the charge of the incident 

pulse. The time constant of the RC network must be much longer than the rise 
time of the charge pulse, so that the output pulse will have a sharp rise with 

I a long tail, and resemble a sawtooth. By conditioning these signals through 
integrating and differentiating circuits with appropriate time 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 are 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 at a point which corresponds to the point of 

„ maximum charge collection. The unipolar pulse is used when the energy of the 
incident radiation is the desired 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. 

i Output pulses from the amplifier may then be counted through a single 
f' channel analyser if limited energy resolution or noise discrimination is 
L\ required or through a high resolution anologue to dgital converter into a 

multi channel analyser when the ultimate in energy resolution is required. 

MEASUREMENTS OF COUNT RATE - PRACTICAL CONSIDERATIONS 
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 
1 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 
; *4 absorption between the source and the detector must be eliminated. Extremely 

, thin sources counted 1n a vacuum will yield the ultimate 1n resolution. In 
- • ! ' most situations when it is necessary to differentiate alpha particles from 

different nuclides the ultimate 1n resolution 1s not required and a resolution 
, of 50 to 100 kev F.w.H.M. should be adequate. If the nuclide to be counted 1s 

^ A known, resolution of alpha particle energies may not be necessary and counting 
I T 
t,: efficiency may be the most important c r i t e r i a . 
V 

: 

II 
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The material 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 100% counting geometry. In 
addition, good discrimination against background can be achieved in liquid 
scintillation counting systems yielding good overall system sensitivity. 

Ihe sensitivity is determined by the efficiency of the counting system and 
by the background 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 often 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 1s not a consideration with beta particles as they are not 
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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 v 
discrimination on the basis of energy is more difficult as 5 MeV alpha 
particles will not produce pulses ten times bigger than 0.5 HeV 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. 

Ihe counting of samples which emit gamma radiation opens up a much wider 
range of possibilities than for samples whicn emit either alpha or beta 
particles. Very high resolutions are attainable when measuring gamma or 
X-radiations with solid state detectors and measurements of poorer resolution 
but higher efficiency are possible with Nal(ll) crystals. When using a high 
resolution detector to measure a monoenergetic photon source, all events will 
noi. fall in the full energy peak of the spectrum. Interactions in the 
detector itself and in the material near the detector leads to events in other 
parts of the spectrum. The most common of these effects are listed below: 

The Backscatter Peak is due to Compton scattering in material outside the 
detector (e.g. shielding) 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 1s due to the photoelectric absorption of the photon and 
the subsequent escape of the characteristic X-ray of the detector. 

Characteristic X-rays of the daughter nuclide may be present if the 
radionuclide decays by electron capture or if internal converlson 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. 

V 
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Sum peaks occur, particularly in detection systems with high geometric 

efficiency, when two photons are detected simultaneously. This may be 
accidental summing when photons originating from different atoms are detected 
together. 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 is 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, making due allowance for 
the contribution from the background continuum under the peak and subtracting 
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. 

1HE MEASUREMENT OF DOSE EQUIVALENT 
In many circumstances it is desirable to know the dose 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 types 
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 1n terms of exposure or 
absorbed dose. Briefly the differences between these terms are as follows: 

(i) Exposure is defined as the ionization in air 1n a free air Ionization 
chamber and 1s measured in coulomb per kilogram of air (old 
unit-Roentgen). 

(11) Absorbed Oose 1s 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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(ili) Dose Equivalent is defined as the absorbed dose in man with due 

allowance for the relative biological effect of various type of 
radiation, which arises 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. 

When counting individual events a charge pulse from a detector is 
processed by an electronic network with a reasonably fast time constant to 
create a single voltage pulse of short duration which may then be counted. In 
order to measure exposure rate or absorbed dose rate, charge pulses from the 
detector are put through a network with a reasonably long time constant to 
produce a D.C. current which gives a continuous reading on a meter. 

Ionization chambers are suitable for measuring exposure rate as, by 
definition, the ionization produced is proportional to the exposure. 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 made of a material 
with a response equivalent to that of air, 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 amplification can be used to advantage in building a monitor 
with good sensitivity. 

i 

"\ 

Gelger 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 
1s 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 sensitive, 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 

f 
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detectors to photons of various energies may be constant over a wide range 
depending on detector type and thickness, and the 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, so 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 
measuring the degree of blackening. The response of film with photon energies 
will depend on the emulsion characteristics and is usually not constant below 
approximately 100 keV. 

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 (TLO) is discussed 1n 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 1n 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. 
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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 5. MONITORING OK AIRBORNE RADI0ACI1V1TY 

(RADON, THORON AND DAUGHTERS; RADIOACTIVE DUST) 

S. B. Solomon, R. S. O 'Br ien, I . H. Gan and G. C. Mason 

Aust ra l ian Radiat ion Laboratory 

ABSTRACT 

The processes resulting in airborne radioactivity from uranium and thorium 
ores are discussed. Measurement methods for radioactive dust, radon and 
thoron gas and radon and thoron daughters are described and assessed. The 
monitoring equipment required for measurement of airborne radioactivity is 
described. 

INfRODUCIlON 
Radiation monitoring programmes in mines and mills where radioactive ores 

are processed require the measurement of airborne radioactivity as part of the 
determination of radiation exposure of employees. A monitoring programme has 
two objectives. Firstly it provides quantitative information needed for 
satisfactory engineering control of concentrations in the mine or mill, and 
secondly there is a legal requirement for operators to maintain complete 
records of cumulative exposure for all employees and ensure compliance with 
exposure limits. These exposure records are also likely to be of use for 
future epidemiological studies of occupational exposure to radiation. 

The primary risk associated with airborne radioactivity is through 
inhalation. The assessment of this risk is normally determined from 
measurements of activity concentrations of radionuclides 1n the various work 
places, combined with dosimetric calculations of the radiation dose arising 
from inhalation of tnese atmospheres. These calculations are dependent upon 
the physical and chemical properties of each radionuclide, the nature of the 
suspended particles and on biological parameters. Dosimetric models are 
covered in more detail in Chapter 8. 
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General Considerations 

As is the case for most measurement practices, good housekeeping and a 
thorough understanding of the science behind the methods employed are 
essential for consistent and reliable results. A separate, clean laboratory is 
desirable both for the calibration and maintainence of field instruments, and 
for the analysis of field samples. Calibration facilities for checking the 
flow rates of air sampling monitors are as important as facilities for the 
determination of the energy response and detection efficency of radiation 
survey instruments. 

Ideally, radiation staff should have a sound practical understanding of 
the working conditions throughout the mine or mill, of the usage and 
effectiveness of control equipment ( ventilation control for example ) and of 
operational factors likely to have a bearing on the interpretation of 
measurements or on the management of radiation protection. In some cases, 
radiation measurements - for example radon emanation rates from freshly 
exposed ore - can be helpful and may assist the mine or plant engineers in 
their planning of controls, ventilation or other measures for the optimum 
management of radiation related parameters. 

PHYSICAL CONSIDERATIONS 

Uranium and Thorium Series 
The radionuclides which are of major interest in a discussion of airborne 

238 radioactivity are the members of the naturally occurring uranium ( U) and 
232 thorium ( Th) radioactive decay series. A summary of these two series is 

given in lables I and 2. These tables show the principal radiation modes for 
each radionuclide together with the energies of the alpha, beta and gamma 
radiations involved. Also shown are the half-Hves for each radionuclide. 
Due to the wide range in half-Mves and the different decay modes there is no 
universal method available for detecting the different radionuclides. The 
methods which are in common use will be discussed in some detail in a later 
section. 

235 It should also be noted that the decay series originating from U 
occurs in nature. However, in Australian uranium mines the 07 U ratio 
is found to be approximately 0.71°/o by mass, 4.5V, by activity (CRC Handbook 

238 235 1979-80). As the Annual Limits on Intake for U and U are the same, 
235 

the direct radiological impact of the members of the U series will be much 
238 less significant than that of the U series. 
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Historical 
Name 

Uranium I 

Uranium X, 

Uranium X_ 

Uranium 11 

Ionijm 

Radium 

Radon 
Radium A 
Radium B 

Radium C 

Symbol 

238. 

234 lh 

234 Pa 
234. 

230 Th 
226 Ra 
222 

F 
218. 
214 

Rn 
' p . 

Pb 

214 Bi 

Radium C 
Radium D 

Radium t 
Radium F 
Radium G 

Note: (1) 

214. 
210 

Po 
Pb 

210 
210 
206. 

B1 
Po 
'Pb 

104 

TABLE 1. The Uranium Series 

Half-life Principal 
Radiations 

Energy of 
Radiations 
(HeV) 

4.49xl09yr alpha 
alpha 

4.15 (25%) 
4.20 (75%) 

24.1 days beta 0.103 (21%) 
beta 0.193 (79%) 

1.17 min beta 2.29 (98%) 

248,000 yr alpha 
alpha 

4.72 (28%) 
4.77 (72%) 

80,000 yr alpha 
alpha 

4.68 (75%1 
4.62 (25%) 

1,602 yr alpha 
alpha 

4.78 (94.3%) 
4.69 (5.7%) 

3.825 days alpha 5.485 
3.05 min alpha 5.998 
26.8 min beta 

beta 
beta 
gamma 
gamma 

0.65 (50%) 
0.71 (40%) 
0.98 (6%) 
0.295 (19%) 
0.352 (36%) 

19.7 min beta 
beta 
beta 
gamma 
gamma 
gamma 

1.0 (23%) 
1.51 (40%) 
3.26 (19%) 
0.609 (47%) 
1.120 (17%) 
1.764 (17%) 

164xl0~ sec alpha 7.69 
22 yr beta 

beta 
gamma 

0.016 (85%) 
0.061 (15%) 
0.047 

5.02 days beta 1.161 
138.3 days alpha 5.298 
stable 

The radiation modes and energies listed are regarded as the 
principal decay modes and energies. In nearly all cases the 
primary alpha or beta decay can leave the daughter nucleus in an 
excited state which subsequently decays to the ground state with 
the emission of gamma rays. 

(2) 

(3) 

The data have been taken from Bureau of Radiological 
(1970) and Strominger et al (1958). 

Health 

Intensities refer to percentage of disintegrations of 
nuclide itself, not to the original parent of the series. 

the 
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FABLE 2. The Thorium Series 

Historical Symbol Half--life Principal Energy of 
Name Radiations Radiations 

(MeV) 

232 10 
Ihorium lh 1.41) <I0 yr alpha 

alpha 
3.95 
4.01 

(24%) 
06%) 

Meso-Thorium « " b R a 6.7 yr beta 0.055 

Meso-Thorium i 2 2 8AC 6.13 hr beta 
beta 
beta 
gamma 
gamma 
gamma 

1.18 
1.75 
2.09 
0.34 
0.91 
0.96 

(35%) 
(12%) 
(12%) 
(15%) 
(25%) 
(20%) 

Radio-Thorium Th 1.91 yr alpha 5.34 (28%) 
alpha 5.43 (71%) 

Thorium X 224„ Ra 3.64 days alpha 
alpha 

5.45 
5.68 

(6%) 
(94%) 

ihoron 220o Rn 55 sec alpha 6.29 
Ihorium A 2 1 6Po 0.16 sec alpha 6.78 
Thorium B 2 1 2Pb 10.64 hr beta 0.346 (81%) 

beta 0.586 (14%) 

?I2 
gamma 0.23< 1 (47%) 

Ihorium t Bi 1.0 1 ir beta 
beta 
alpha 
alpha 

1.55 
2.26 
6.U5 
6.09 

(5%) 
(55%) 
(25%) 
(10%) 

Branch 1 . (64%).. 

Thorium C Po 3.04x10 sec alpha 8.78 

Ihorium D 208 Pb stable 

Branch 2 . (36%) 

Ihorium C ' 

Thorium D 

208 (I 

208 Pb 

3.1 min 

stable 

beta 1.28 (25%) 
beta 1.52 (21%) 
beta 1.80 (50%) 
gamma 0.511 (23%) 
gamma 0.583 (86%) 
gamma 0.860 (12%) 
gamma 2.614 (100%) 

Note: (I) The radiation modes and energies listed are regarded as the 
principal decay modes and energies. In nearly all cases the 
primary alpha or beta decay can leave the daughter nucleus in an 
excited state which subsequently decays to the ground state with 
the emission of gamma rays. 

(2) Ihe data have been taken from Bureau ot Radiological Health (1970) 

(3) Intensities refer to percentage ot disintegrations ot the nuclide 
itself, not to the original parent ot the series. 
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The equation which describes the radioactive build up and decay of the 

i-th member of these series is given (assuming no physical influx or efflux of 
atoms) by 

i = X N X N 
dt i-1 i-1 i i 

(1) 

where N. is the concentration of the i-th member of the series (atoms per 

unit volume), and x. is the decay constant of this radionuclide (sec ). This 
equation takes no account of processes involving movement of radionuclides in 
the soil or air. 

Although (1) is written in terms of the number concentration of the 
radionuclide of interest, it can be written in terms of the activity 
concentration (in units of disintegrations per unit time) by multiplying (1) 
through by x and noting that activity concentration C. is related to number 
concentration N for any radionuclide by 

C. = X. N. (2) 
i l l x ' 

Using (2) in (l) we have 

dC 
j _ = x (C - C ) (3) 

dt i i-1 i 

It can easily be shown that the solution of a series of equations such as 
(3) can be written in the form 

-x (t-t ) 
i o t -X (t-y) 

C (t) = C (t )e + J x C (y) i dy (4) 
i i o t i 1-1 e 

0 
As an example of the use of equation (4), for an Instantaneous Influx of 
activity radionuclide (I.e. CQ(t 

concentration of the parent at time t is 
the activity radionuclide (I.e. C Q(t) « C 0(0) at t=0), the activity 

-x t 
0 

C (t) = C (0) e (5) 
0 0 
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and the activity concentration of the first daughter is 

1 C (t) = 
l x - x 

1 C 

-x t 
C (0) [ e 0 
0 

-X t 
e 1 ] (6) 

Solutions covering most situations likely to be encountered in practice 
have beer given in the literature (e.g. Bateman (1910), Skrable (1974)). 

222 All of the radionuclides in Tables 1 and 2 , with the exception of Rn 
220 and Rn, exist in nature as solids. These solid radionuclides tend to 

remain fixed in the rock, sand or soil as they decay. However, these solid 
radionuclides can reach the atmosphere if they are near the solid-air 
interface and embedded in, or adsorbed on, particles which are small enough to 
become suspended in the air by the action of the wind. More typically, the 
physical processes associated with mining and milling of ores containing these 
radionuclides will produce airborne concentrations of finely crushed 
radioactive material. The heavier particles quickly settle out, leaving a 
suspension of radioactive dust. These suspended particles typically have sizes 
in the range 1 to 50 microns, depending upon the type of processing. 

I 1 

• ' 

i 
1 

fr 
* • 

lhe two isotopes of radon are inert, radioactive gases. The historical 
220 222 

name 'thoron' is still commonly used for Rn to distinguish it from Rn, 
222 while 'radon' is often taken to mean Rn only. When radon and thoron are 

formed they can diffuse through the soil (rock) pore space and can escape to 
the atmosphere if the diffusion time to the solid-air interface is short 
relative to the half-life of the isotope. Thus the two principal sources of 
airborne radioactivity are emanation of the two gaseous radionuclides, radon 
and thoron, and suspension of dust particles which can, 1n principle, carry 
any of the radionuclides which occur in the uranium and thorium series. 

Once 1n the atmosphere the radon and thoron gas decay to produce the 
so-called short-lived radon and thoron daughters. These are formed as single 
metallic Ions of polonium, bismuth and lead. Dependent upon the aerosol 
concentration, these unattached daughters will collect on the sub-micron 
particles in the atmosphere to form attached radon and thoron daughters. 
Figure I shows schematically the chain of processes culminating 1n Inhalation 
or ingestion by man. Each of the four groups of radionuclides (radioactive 
dust, radon/thoron, unattached radon/thoron daughters and attached radon/ 
thoron daughters) has specific measurement requirements and an associated 
inhalation health risk. 
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C=> Inhalation and Ingestion by Man 
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figure 1 Radon inhalation pathway. 

Before discussing the details associated with the measurement of airborne 
concentrations of each of these radionuclides, we will examine in more detail 
some aspects of the radioactive decay chains of uranium and thorium and the 
physical processes occuring in the open-air, underground and within buildings 
that effect the transport and dispersion of dust, radon and thoron and their 
daughters. 

-•4 

Long-lived Dust 
Uranium series and thorium series radionuclides other than radon and its 

daughters and thoron and its daughters have come to be called 'long- lived' as 
they either have very long half-lives or are typically found in equilibrium 
with long-lived parents. An approximate secular equilibrium is common in 
naturally occurring rocks and minerals for those radionuclides that precede 
radon or thoron in the series, unless some geochemical process has been at 
work to leach out the more soluble elements. In acid soils, for example, 
radium may be depleted relative to its ancestor radionuclides. 

In the uranium series (Table 1), there are also 'long-lived' radionuclides 
following the radon daughters, namely Pb, Bi and Po. These are 
often somewhat depleted in activity, relative to radium or its ancestors, 
since significant quantities of radon can diffuse out of the ground, but they 
may be in equilibrium with each other and are usually taken to be so for 
radiological purposes. 
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The long-lived radionuclides in both series tend to remain embedded in the 

mineral grains in which they were produced by their parents and, for bulk 
' material, the fraction of radon that escapes is very small. Consequently, in 

most cases, a first approximation to estimating the radionuclide composition 
of airborne dust assumes that there is secular equilibrium for all 
radionuclides. When this assumption is not valid, spectroscopic analyses may 
be required to determine the activities of individual radionuclides. 

Natural breakage, grinding, weathering and erosion processes can lead to 
suspension of dust in air by wind action, but the dominant source of dust in 
mining is from materials handling. In uranium mining, the blasting, loading, 
transport and crushing of the ore creates copious quantities of dust. In 
mineral sand-mining, materials handling in the secondary, or dry, separation 
process also produces a very dusty local environment. 

Particle sizes of mineral dusts range from fractions of a micrometre to a 
hundred micrometres or more. The larger the particle, the higher its settling 
rate in air, and the smaller the distance it will travel in an airstream. For 
the particle sizes typically encountered, dust inhalation is a problem only in 
the immediate vicinity of the dust generating source, although for an exposed 
and well crushed or weathered ore body or pile, very high winds may raise 
dusts of radiological significance. 

Radon decay Chain 
The radioactive decay scheme for radon and its daughters is shown in more 

detail in Table 3. 

TABLE 3. The Radon Decay Chain 

Isotope Half-life Principal Decay Modes 
2 2 6 R a 1602 yr alpha (4.78 MeV, 94%; 4.69 MeV, 6%) 
222 

Rn (radon) 3.825 days alpha (5 .49 MeV, 100%) 

Po (RaA) 3.05 min alpha ( 6 . 0 MeV, 100%) 
2 l 4 P b (RaB) 26.8 min beta (0 .65 MeV, 50%; 0.71 Mev, 40%; 

i 0.98 MeV, 6%; others) 
gamma many 

214 

81 (RaC) 19.8 min beta ( l . O M e V , 23%; 1.51 MeV, 40%; 

3.26 MeV, 19%; many others) 

gamma many 
2 1 4 P o ( R a C ) 164xl0~ 6s alpha (7 .69 MeV, 100%) 5% 210 

•;«. Pb (RaD) 22 yr 
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Ra has a half-life of lb02 years. Since this is much longer than the 
226 half-life of any subsequent daughter, Ra can be regarded as a fixed-rate 222 generator of Rn, which has a half-life of 3.83 days. Radioactive 

equilibrium between Po (RaA), Pb (RaB) and Bi (RaC) is achieved 
after approximately three hours ( in the absence of processes which compete 
with the radioactive decay of the nuclides - see next section ). After a 
214 214 

Bi (RaC) decay, the Po (RaC) decays almost immediately (164 microsec) 
210 to Pb (RaO), which has a 22-year half-life, effectively blocking the decay 214 214 chain for normal measurement periods. Since Po and Bi are always in 214 radioactive equilibrium, the 7.69 Mev alpha-particle from Po is normally 214 associated with Bi. The mobility of the radon gas and the relative^ short 

decay times for the subsequent radon daughters leads to a natural division 
between the radon decay chain and rest of the uranium decay series. This 
applies both to measurement methods and to th< associated health risk. 

Evans (1969) has given a very useful summary of the physical and 
engineering considerations relevant to the measurement and control of radon 

222 218 and radon daughters. The alpha-emitting radionuclides are Rn, Po 
214 . . 

(RaA) and Po (RaC), giving 

ooo 218 
Rn > Po (RaA) 5.48 Mev 

218 214 
Po (RaA) > Pb (RaB) 6.00 Mev 

214 210 
Po (RaC) > Pb (RaD) 7.69 Mev 

With the aid of pulse-height-analysis, the measured energy of the emitted 
alpha particles provides one way of distinguishing between the different 
daughters (alpha spectroscopy). The two important beta/gamma emitting 

214 214 
daughters are Pb (RaB) and Bi (RaC). Each has a complicated set of 
emissions (see Tables 1 and 3). This, and the difficulty of determining the 
efficiency of typical beta detectors means that beta detection is not very 
useful as a means of measuring radon daughter concentrations. 
Gamma-spectoscopy is not commonly used because of the complexity of the radon 
daughter spectra and interference from background gamma radiation. 

The growth of short-lived radon daughters in air from initially pure radon 
can (in the absence of atmospheric processes) be described by an equation of 
the form of (3) for each daughter, i.e. 
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1h 
dC 

1 
dt 

dC 

_A = X C - X C 
A RN A A 

_B = X C - X C 
B A B B dt 

dC 
C = X C - X C 

dt C B C C 

(7) 

(8) 

(9) 

I f we assume, for simplicity, that the radon act iv i ty concentration is 
constant, then the solution of this set of equations is given by repeated 
application of (4) anJ is 

p.-

C D U = constant 
KN 

(10) 

\ . 
-X t 

A 
C = C [1 - e ] 
A RN 

(11) 

-X t -X t 
X A X B 

C [1 - n, e - A e ] 
RN X - X 

B A 

C = C [ 1 -
X X 

B C 

X - X 
A B 

-X t 
A 

RN ( X - X ) ( X - X ) 
B A C A 

( 1 2 ) 

1 
« i t 

X X 
A C 

-X t 
B 

(X - X ) ( X - X ) 
A B C B 

X X 
A B 

-X t 
C 

(X - X ) ( X - X ) 
A C B C 

( 1 3 ) 
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-1 I he values of the decay constants are \ A = 0.227260 min , \_ = 0.U25864 

min - 1 and 1 = 0.035185 min" . 

1-01 | 

0+ 

T 1 1 r 

K> 20 30 40 SO 
TIMC IN MINUTES 

SO 10 80 90 

Figure 2. Growth of the total Working Level and the Working Levels 
of radon daughters as a function of time. 

Using these values for the decay constants it is easy to see that 218 Po 
(RaA) will come Into equilibrium with radon (I.e. their activity 

214 concentrations are equal) after approximately 20 minutes, while Pb (RaB) 
214 and B1 (RaC) will both come into equilibrium with radon after about three 

hours, provided the radon concentration remains constant. Figure 2 shows the 
growth curves for the first three radon daughters for this 'ideal' case. 
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Although radon is an inert gas, the three elements immediately below in 

the periodic table (polonium, bismuth and lead) are all chemically active. 
218 Following the decay of radon, the newly formed Po (RaA) ion will interact 

with other chemical species and aerosol present in the air ( water and diesel 
fumes for example). The time scales for these interactions can vary from 
seconds to tens of minutes, depending upon the atmospheric concentration of 
the particles. 

218 218 
Both Po atoms and the combination of a Po atom with other 

molecules, to form a cluster of molecules in the nanometre size range, are 
214 normally termed 'unattached' daughters. Similar processes apply for Pb and 

214 
Bi, although due to their longer half-lives, the probability of finding 

214 214 218 
unattached Pb and Bi is less than for Po. Unattached radon 
daughters can attach to the ambient aerosol to form so-called 'attached' radon 
daughters. The activity median aerodynamic diameters (AMAO) for such attached 
radon daughters are typically of the order of 100 nanometres. The diffusion 
rates for attached and unattached radon daughters can differ by many 
orders of magnitude. This difference can be used to discriminate between 
attached and unattached daughters. For any particular radon daughter, the 
unattached fraction is defined as 

C (unattached) 
f = J (14) 
i C (total) 

i 

where C. is the activity concentration of the particular daughter. 

The main inhalation risk from the radon decay chain arises from the alpha 
producing radon daughters. Provided the AMAO and the unattached fractions for 
the radon daughters lie within defined bounds (see Chapter 8 ), the dose to 
the lung can be determined from the measurement of the potential alpha energy 

218 214 concentration (PAEC) from the three radon daughters Po, Bi and 
214 

Pb. The historical unit of measurement of PALC for radon daughter is the 
radon Working Level (WL). The WL(Rn) is defined as any combination of the 
short lived decay products of radon 1n one litre of air which results 1n the 

5 ultimate emission of 1.3 x 10 Mev of alpha-particle energy. In terms of the 218 individual number concentrations N., N„ and N„ of the radon daughters Po 
214 214 

(RaA), Pb (RaB) and Bi (RaC) respectively, this 1s 
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WL = (13.69 Nft *• 7.69 N g + 7.69 N J / 1 .3 x 10 5 (15) 

or, in terms of the activity concentrations (see equation (2)), 

WL = (0.0278 C + 0.1370 C + 0.1008 C J/1000 (16) 

218 214 where the activity concentrations C., C„ and C- for Po, Pb and 
214 

Bi respect ive ly , are in uni ts of bequerel per cubic metre. 
i 

-3 
lhe preferred SI un i t is now jou le per cubic metre (Jm ). Ihese two ' 

uni ts are related by 

-5 -3 
WL - 2.08x10 Jm (17) 

The potential alpha energy concentration (PAEC) is thus 

PA£C( Jm" 3) - (5.79CA + 28.6C B + 21,0C c)xlO" 1 0 (18) 

-3 where C., C„ and C_ are now in Bq m 

The Thoron Decay Chain 
The radioactive decay scheme for thoron and its daughters is shown in more 

detail in Table 4. 

As for radon daughters newly formed thoron daughters will convert from 
unattached to the attached state through interaction with the molecules and 

21 d aerosol present in the air. Examination of the half-lives for Po (lhA) and 
2 1 2 21 fi 

Pb (ThB) suggests that under most atmospheric conditions the Po and > 
212 

Pb will be totally unattached and attached, respectively. The equations 
for ingrowth of thoron daughters from pure thoron can be derived in a similar 
manner to those for radon. However, for the thoron daughters the form of these 

216 
equations can be simplified, because the decay constant of Po is very much 212 212 larger than that of either Pb or Bi. For the thoron daughters the 

-1 -3 -1 
decay constants are \. - 259.930 min , \ B = 1.08576 x 10 min and \ c - ,. -2 -1 1.08985 x 10 min . With these values in mind equations (10), (11), (12) 
and (13) become, for a mixture of thoron daughters growing 1n from initially 
pure thoron, — J 

C, = constant (19) 
Tn 
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rhe Thoron Oecay Chain 

Isotope Half-life Principal Decay Modes 

224 
220 
216 
212 

Ra 
Rn (thoron) 
Po (ThA) 
Pb (ThB) 

212 
Bi (ThC) 

212 
208 

Po (ThC) 
Tl (ThC") 

208 Pb (ThD) 

3.64 days 
55 sec 
0.16 sec 
10.64 hr 

1.0 hr 

3.04x10 s 
3.10 min 

stable 

alpha (5.68 MeV, 94%; 5.45 MeV, 6%) 
alpha (6.29 MeV, 100%) 
alpha (6.78 MeV, 100%) 
beta (0.35 MeV, 81%; 0.59 Mev, 14%; 

others) 
gamma many 
alpha (6.05 MeV, 25%; 6.09 MeV, 10%) 
beta (1.55 MeV, 5%; 2.26 MeV, 55%; 

others) 
gamma many 
alpha (8.78 MeV, 100%) 
beta (1.28 MeV, 25%; 1.52 MeV, 21%; 

1.80 MeV, 50%; others) 
gamma many 

= C 
Tn 

-x t 
A 

[1 - e ] (20) 

C [1 
Tn 

-X t 
B 

e ] (21) 

C [1 
Tn 

-X t 
X B 
C e 

(x - x ) 
C B 

-X t 
X C 
B e ] 

(X - X ) 
B C 

(22) 
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A unit of thoron potential alpha energy concentration can be defined in 

212 212 terms of the activity of Pb and Bi, the two daughters leading to alpha 
particle production. By analogy with the definition for radon daughters 

WL (Tn) = (7.80 N B + 7.80 H^)/ 1.3 x 10 5 (23) 

212 212 where N A and N D are the number concentrations of Pb and Bi 
A o 

In terms of the corresponding activity concentrations this becomes 

WL (Tn) = (3.289 C. + 0.3114 CJ/1000 (24) 

Using the values of the decay constants in the decay equations shows that 
Po will come into equilibrium with thoron in a few seconds. However, both 

212 212 
Pb and Bi take about 3 days to come into equilibrium with thoron. One 

immediate consequence of this 1s that we cannot use the same sampling and 
counting times for measuring thoron daughter concentrations as for measuring 212 radon daughter concentrations. Because of the longer half-life of Pb, 
thoron daughter concentrations are a sensitive function nf the ventilation 
rate. An air change per 10 minutes limits the thoron PAEC to less than 1% of 
its potential equilibrium value. By constrast the same ventilation rate limits 
the radon PAEC to 18% of the equilibrium value. 

In most uranium mines the thorium content of ores is lower than the 
uranium content. Combined with the fact that the thoron daughter half-lives 
are long relative to lung clearance times ( see Chapter 8 ) , producing a 
correspondingly smaller fraction of alpha energy deposited in the lung implies 
that the radiological impact of thoron daughters will be much less significant 

212 than that of radon daughters. However, the long half-Hves of Pb and 
212 

B1 can lead to contamination problems when radon daughters are collected 
on filters for measurement. In mineral sands mines or processing plants, 
thoron and thoron daughter concentrations may be of more significance than the 
radon and radon daughters present, due to the high concentration of thorium 
series radionuclides 1n the ore. 
Actlnon 

237 The radon Isotope which results from the decay of U 1s called actlnon 
219 ( Rn). The half-Hfe of actlnon 1s only 4 seconds, so Its ability to 

diffuse out of earth and rock Into the atmosphere 1s extremely limited. In 
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117 237 addition, as mentioned earlier, the natural abundance of U is much lower 238 232 than that of U or Th because of its relatively short half-life. In 
practice, actinon is seldom present in the environment at measurable levels. 

Processes Affecting Airborne Radioactivity 
Once radioactive material enters the air there are many processes which 

can occur. 

If we consider a small volume element in the atmosphere, then for any 
atmospheric species, a general conservation equation can be written in the form 

local (time) rate of change in concentration 

net rate of flow of concentration (out of the volume element) 

+ local rate of production (e.g. by chemical reaction, radioactive 
decay, etc) 

local rate of destruction (25) 

i.e. aC = efflux + production - loss (26) 
at 

These equations apply to airborne radioactivity 1n the atmosphere, in 
underground mine shafts and in buildings and can, with the appropriate 
boundary conditions, be used as the theoretical basis for several methods of 
measuring the activity concentrations of airborne radionuclides. 

If we look at the processes which are explicitly contained in these 
equations we see that the rate of flow term allows for changes in 
concentration which occur because of the movement of the radionuclide in the 
air. This movement 1s labelled as dispersion 1n Figure I. This process 
Includes advectlon, which 1s the transport of gaseous species and suspended 
matter by bulk air movements (i.e. winds in the atmosphere and forced 
ventilation 1n underground mines), and diffusion, which describes the movement 
of one airborne species relative to others. 
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The local rate of production of any airborne species is affected by 

processes such as 

(1) formation of a radionuclide by the decay of its parent nuclide, 

(2) the attachment of a radon/thoron daughter atom to an aerosol particle, 

(3) suspension of a (dust) particle by the action of winds near the 
ground-air interface, 

(4) suspension of dust particles by mining and milling activities, 

(5) emanation of radon or thoron at the ground-air interface. 

The local rate of destruction of any species includes 

(1) the radioactive decay of any radionuclide, 

(2) the deposition of any species at the ground-air interface by 
attachment or rainout, 

(3) the attachment of a radon/thoron daughter atom to an aerosol particle. 

With these general considerations in mind, we can now proceed to a more 
explicit discussion of the processes affecting airborne radioactivity in 
open-cut mines, underground mines and milling operations. 

Airborne Radioactivity in the Open Air 
There are two kinds of diffusion processes which can occur in the lower 

' atmosphere, namely molecular diffusion and turbulent diffusion. Molecular 
diffusion of one species 1n the atmosphere tends to occur whenever a 
concentration gradient of that species is set up relative to other species and 
can occur in the absence of bulk atmospheric motion (I.e. wind). 

i x Turbulence can be generated 1n two ways; 1f there is a vertical wind shear 
, (gradient) 1n the atmosphere then momentum can only be conserved by a bulk 
« ' ' transfer of gas 1n such a direction as to reduce the wind shear. This bulk 

motion transports any trace species with it. Since there 1s no bulk air 
motion below the ground-a1r Interface there 1s usually a strong wind shear 

^ near the ground, so that mechanically generated turbulence 1s generally 
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important in the lower p=»rt of the atmospheric boundary layer. There is also 
buoyancy generated turbulence which is caused by the fact that, during the 
day, the ground is warmer than the air. Air near the ground will thus tend to 
become warmer and therefore more buoyant than the overlying air, so this warm 
air near the ground will tend to rise. This process cannot continue 
indefinitely because this rising air cools as it ascends. Temperature 
gradients tend to vary most strongly near the ground, and also change 
direction from day to night as the ground becomes warmer or colder than the 
over-lying air. During the day buoyancy-generated turbulence tends to 
reinforce mechanically generated turbulence, whereas at night, when the 
temperature near the ground increases with height, vertical motion is 
suppressed and turbulent diffusion tends to be very much weaker than during 
the day. 

Measurements at Yeelirrie 1n Western Australia (O'Brien et al, 1984) have 
shown that radon concentrations near the ground can vary from about 5-10 Bq 
-3 -3 

m during the day to 600-1200 Bq m at night. Most of this difference can 
be explained qualitatively in terms of the much lower wind speeds and much 
weaker turbulent diffusion at night. 

Both molecular diffusion and mechanically generated turbulent diffusion in 
any direction (labelled by the coordinate x) can be described by an equation 
of the form (Fick's Law) 

flux in direction of increasing x = - D.3C. (27) 
ax 

where 0 is the diffusion coefficent, and 3C is the concentration gradient of 
dx 

the species under discussion. The value of D for turbulent diffusion is 
usually much larger than that for molecular diffusion, but can vary by two to 
three orders of magnitude from day to night. 

The importance of these diffusion processes 1n a discussion of atmospheric 
radon and thoron arises from the fact that the source of these gases 1n the 
atmosphere 1s emanation from the ground. As the radon/thoron leaves the 
ground-a1r interface (under the Influence of molecular diffusion) it tends to 
be rapidly transported away from Its source point by advectlon and diffusion. 
This tends to maintain a strong concentration gradient across the ground-a1r 
Interface (I.e. the concentration in air just above the Interface 1s much 
lower than that just below the interface) which, 1n turn, keeps the emanation 
process going. 
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Tak.ng all these considerations into account, and noting that, near the 

ground, horizontal diffusion is much weaker than advection, the general 
conservation equation for any radionuclide in the atmosphere can be written 
(to a first approximation) in a rectangular coordinate system in the form 

ac 
_i = x. ( c - c ) - a_[u c ] - a_[v c ] 

at i i-l i ax i ay i 

ac 
- 3_[W C - (0 + K ) il 

az i i az 

- R + S + k N C - k N C (28) 
i i j j i i 

where U, V and W are the mean wind components in the x, y and z 
directions respectively, 

O.is the molecular diffusion coefficient for the i-th species, 
K is the turbulent diffusion coefficient, 
N is the number of particles (solid or liquid) per unit volume to 

which atoms of the i-th species can attach, 
k.1s the attachment coefficient for species i atoms, 
C is the activity concentration of the j-th species, 
S.is the rate of change of C due to suspension processes, and 
R.is the rate of change of C, due to rainout. i 1 

An equation of this form can be written for each species of Interest, 
whether gaseous or attached to dust particles. In fact attached and 
unattached radon daughters are treated as separate species, since they have 
different diffusion coefficients and different rainout and suspension 
properties. The same considerations apply to thoron and thoron daughters. 
In fact, in this equation, the label i-l has been used to denote the 
radioactive parent of species 1, and label j has been used to denote the 
unattached form of species 1. If the equation 1s applied to a gaseous species 
(radon or thoron) then k. is set to zero. 
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The processes of emanation and surface deposition are included in the 

boundary condition 

dC 
[(0 + K )_j_] = E - v C (Z=0) 

i az z=0 i di i 
(29) 

where E. is the emanation rate for species i atoms, and 
v.. is the surface deposition velocity for the i-th species, di 

The solution of sets of such equations is nearly always obtained 
numerically. A careful examination of equations (28) and (29) will show that 
they reflect most of the ideas which have already been discussed. 

An examination of equation (28) also shows that each term can be 
considered as the ratio of a concentration to a time which is characteristic 
of the process being described. 

y. 

• 

i 

When discussing atmospheric radioactivity the situation in terms of the 
potential hazard to man is complicated by the fact that the various 
atmospheric processes can have a wide range of time scales, varying from 
seconds for local turbulent transfer to days for transfer by synoptic 
atmospheric processes (I.e. those due to the movement of large-scale weather 
systems) and to months or even years for transport in the high atmosphere. 
However, the processes which are of major Interest to us in this course are 
the local transfers which Involve time scales ranging from seconds under 
unstable atmospheric conditions (usually day-time conditions) to hours under 
stable atmospheric conditions (usually at night). 

Since radon has a half-life of nearly four days, these diffuslon-advection 
processes can transport radon long distances 1n the atmosphere before it 

218 decays to Po (RaA). For radon daughters, the effects of diffusion and 
advection are complicated by the fact that the ha If-lives of the radon 
daughters are comparable with the time scales Involved 1n turbulent diffusion 
and by the tendency of the radon daughters to attach to any particulate matter 
in the air. The attached radon daughters are much heavier than unattached 
radon daughters, so they diffuse much less readily and are not moved around so 
easily by turbulence and advection. In addition, measurements have shown that 
the turbulent diffusion coefficient is several orders of magnitude larger 
during the day than during the night, and that the wind speed tends to drop 
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markedly at night in the absence of synoptic effects. All these 
considerations suggest that the equilibrium factor between radon daughters and 
radon in air is likely to be highly variable. This in turn suggests that in 
any practical situation it will probably be necessary to measure the activity 
concentrations of both radon and radon daughters to estimate the radiological 
hazard. 

Due to its relatively short half-life, thoron will not be transported very 
216 far in the atmosphere before it decays. This also applies to Po (ThA). 

212 218 
However, Pb (lhB) has a much longer half-life than any of Po (RaA), 
214 214 

Pb (RaB) and Bi (RaC), so its behaviour will be quite different from 
that of the radon daughters. This means that, even if one has established a 
model for the behaviour of radon and radon daughters in any situation, simple 
scaling arguments cannot be used to describe the behaviour of thoron and its 
daughters in the same environment. 

This discussion shows that, during the day when horizontal transport 
processes and vertical diffusion tend to rapidly remove radon and thoron from 
the point where they enter the atmosphere, the main hazard arises from 
radioactive dust, particularly that produced by the mining activities. At 
night when the transport processes are not so effective in removing radon and 
thoron, the radon and thoron daughters may also constitute a significant 
hazard. Reducing dust levels is likely to be the most effective way of 
reducing the radiological hazard to open-cut mine workers. Another possible 
source of hazard is the enhanced emanation of radon/thoron which can occur 
when overburden 1s removed or when ore is crushed. 

Measurements of radioactive dust concentrations and radon/thoron daughter 
concentrations (both attached and unattached fractions) are needed to assess 
the radiological hazard 1n open-air mining situations. 

NOTt: 
One Interesting situation arises when we consider the form of equation 

(28) for the case of an infinite, uniformly emitting plane source. In this 
case there are no horizontal gradients. If we confine our attention to radon 
and only consider radioactive decay, vertical diffusion and emanation, then 
equations (28) and (29) take the form 
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3C = - X..C - 3_[W.C - (D + K)3C] 
at az az 
- [(D + K )3CJ = E 

dz z=0 

(30) 

(31) 

1 In this situation the horizontal wind does not directly contribute to the 
transport of radon. However it contributes indirectly through the generation 
of turbulent diffusion. 

Airborne Radioactivity in Underground Mines 
Equations (25) and (26) from the previous section can also be used to 

discuss airborne radioactivity in underground mines. However, in a typical 
mine shaft, the situation is simpler than in the open atmosphere because 
turbulent processes are not nearly as important and because rainout can also 
be neglected. The major sources of radon and thoron in a mine tunnel are 
emanation from the walls and floor and from the (crushed) ore passing through 
the tunnel. In the absence of turbulent diffusion processes, advection of the 
air (i.e. forced ventilation) is the easiest way to remove these gaseous 
radionuclides. 

Radon and thoron daughters are generated by radioactive decay and will 
tend to plate out rapidly onto the tunnel walls and floor or onto equipment 
surfaces. 

a 

A measure of the radon activity concentration 1n air cannot be used to 
indicate the hazard of exposure because the major hazard comes from the radon 
daughters. However, if the state of equilibrium of radon with Its daughters 
1s known, the radon concentration can be used to estimate the radiological 
hazard. This approach 1s used 1n some underground mines overseas, where the 
equilibrium factor is well known. In some countries (Oomanski, 1979) a value 
of 0.4 1s assumed to estimate the Working Level. However, this can lead to 
problems because the state of equilibrium at different locations 1n a mine 
depends on the ventilation conditions and on the nature of the work being 
carried out. In practice "old" air (I.e. air 1n which the radon daughters are 
close to equilibrium with radon) can become mixed with "young" air (far from 
equilibrium). This mixing can produce growth curves for the radon daughters 
which are quite different from the ideal curves shown 1n Figure 2. This has 
been Illustrated by Rolle (1972). 

fr 
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Figure 3. Growth curves for the two extreme cases of no mixing (curved 
line) and mixing of "old" and "young" air (straight line). The experimental 
points (George et al; 1972, 19/7) are taken from measurements in modern 
uranium mines and show that most measured radon daughter working level values 
fall between these two extreme cases. 

\ 

1 

in addition, because of the tendency of radon daughters to attach to any 
particulate matter or nearby surface, the values for the radon daughter 
concentrations (in air) given by equations (II), (12) and (13) tend to 
overestimate the actual concentrations. In order to carry out an exhaustive 
analysis, extra equations have to be introduced to account for those radon 
daughters which attach to surfaces or particles. For all these reasons the 
best approach is to measure radon daughter concentrations in terms of Working 
Level or PAEC directly. Fhis means that the attached and unattached fractions 
of the radon daughters have to be measured, which in turn means that 
measurements of dust loading and aerosol concentration have to be made. 

£ 
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Since work-face operations are likely to generate considerable quantities 

of dust, measurements of dust concentrations in mine shafts are required to be 
made and precautions should be taken to minimize the radiological hazard from 
this source. 

Airborne Radioactivity in Buildings 
In buildings in which radioactive ores are processed the major source of 

radiological hazard is radioactive dust. In uranium processing plants the 
separation of uranium from radium and tailings is usually carried out by wet 
chemical processes, so that radon emanation is greatly reduced (because the 
diffusion coefficient of radon in liquids is several orders of magnitude lower 
than in air). At the product packing stage all the radium has been removed, 
so again there is no radon emanation and hence no hazard from radon 
daughters. In mineral sands processing plants, due to the nature of the 
thorium bearing material the emanation of thoron is very low and radioactive 
dust is again the major source of hazard. 

Routine measurements of radioactive dust concentrations should be carried 
out in processing plants and steps should be taken to keep these 
concentrations as low as practicable. 

MEASUREMENT METHOOS 

Radioactive Dust 

Activity Concentration 
Activity concentrations of radionuclides in air are measured by drawing a 

known volume of air through a filter which 1s then assayed for the 
radionuclide content of the dust deposited on it. 

Sampling, for the estimation of Intake and dose, should be representative 
of the air Inhaled at the location surveyed. As concentrations of 
radionuclides 1n air are typically very variable, both spatially and 
temporally, many measurements are likely to be required to satisfactorily 
determine a mean concentration. As virtually all sizes of airborne particles 
are inspirable to some degree, size-selective samplers of the 'resplrable air 
sampler' type should not be used. Open face filter holders are recommended 
for both personal and high-volume samplers. 
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Note: The conventional symbol for activity (measured in Bq) is a lower case 
'a'; a capital 'A' is used here to represent alpha-particle activity (measured 
in alpha-particle decays per second, adps). 

1 
J I, 

f 

Measurement of the activity collected on a filter is usually made by 
alpha-particle counting after any excess radon-daughter or thoron-daughter 
activity has died away (two or three days in the case of thoron daughters). 
Since the quantity of material collected is typically too small for 
spectroscopic identification of individual radionuclides, the radionuclide 
composition of the dust must usually be inferred from isotopic analyses of 
bulk dust collected from level surfaces in the vicinity of the sampler. 

» 

The flow rate, Q, of air through an assembled sampler should be carefully 
calibrated. The geometric efficiency, of the detector arrangement should be 
measured using the known activity of a calibration source, which ideally 
should have an alpha-particle energy spectrum similar to that of the dust to 
be measured. The overall efficiency of counting is 

g a s (32) 

where f is the fractional loss due to absorption in the filter paper and f 
3 S 

is the fractional self-absorption. If N counts are recorded in a time 
interval t.. then the alpha-particle decay rate. A, is 

N 

l! A = 1 (N - B) c t t N B (33) 

1 
where B is the number of counts recorded when a blank filter is placed in the 
counter for a time t-. 

The activity concentration in alpha decays per second per unit volume of air is 

C = A = _ J (N - B ) 
a V Q.t .e t t 

S N B 
(34) 

» 
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%\\f where t is the sampling time and v = Q t is the volume of air drawn through 
the filter. 

)rr- 1 

i 
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a 

« • 

The standard deviat ion of C 
a i s 

2 2 2 2 % 
a a t N t 

a = C (_g + _c. + B + N B ) (35) 
C a 2 2 2 
a Q e ( t N - t B) 

B N 

where uncertainties in timing intervals have been ignored. 

It is often necessary to express activities in terms of individual 
radionuclides present in the dust. If the uranium series radionuclides are in 
secular equilibrium, each with activity a , and the thorium series 
radionuclides are in secular equilibrium, each with activity a_. , the relative 

Th 
uranium to thorium series activities may be expressed in terms of the ratio R: 

a 
_U (36) 

a + a 
U Th 

As there are 8 a lpha-par t i c le decays in the uranium series and 6 in the 

thorium ser ies, the above expression for C may be re -wr i t ten in terms of the 
f t 
jfj • a c t i v i t y concentration of any member of the uranium series 

C - R ,C (37) 
U 2R + 6 a. 

while the activity concentration of any member of the thorium series 1s 

C = 1 - R C (38) 
lh 2R • 6 a 

The value of R may be determined from spectroscopic analysis of bulk dust. 
The standard deviations of C M and C T k are as above for a r , with C replaced 

U lh Ca a by C and by C respectively, u Th 
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Self-absorption corrections 

When an alpha particle is emitted within a dust layer on a filter paper, 
it must travel through the dust particle in which the parent nucleus decayed 
and any super-imposed dust layer to reach the detector. Some alpha particles 
may be stopped before reaching the detector, others may enter it with a 
reduced energy. A full treatment of counting corrections, taking into account 
the composition of the dust, the particle size distribution of the dust, the 
energy spectrum of the emitted alpha particles, the geometry of the counting 
arrangement, etc, is beyond the scope of this discussion. A simplified, but 
adtquate, approach is to assume that all alpha particles that reach the 
detector with an energy greater than some cut-off value, E , will be counted, 
and that the dust is homogeneous and uniformly distributed over the filter 
surface. In that case, the following method may be used to estimate f . 

Assuming the correction to be small, make a number of measurements at 
different flow rates or for different sampling times through identical 
sampling heads in order to obtain several samples having a range of mass 
loadings. Measure both the activity of the dust collected on each filter and 
its mass. Plot the measured activity divided by the mass collected as a 
function of mass collected, as shown in Figure 4. 

A/m 

slope =-fss/m 

m 

Figure 4. Plot of measured activity per unit mass as a function of 
mass collected. 
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The measured points are expected to lie on a line the slope of which gives 

f : s 

m 
f = - slope x - (39) 
s s 

(The intercept of the ordinate is the specific activity, s, of the dust). 

Particle size distributions (AMAD) 

(a) General 
Airborne dust particles have a range of sizes from less than a micrometre 

to several tens of micrometres. The size of a particle affects its bouyancy 
in air and hence its settling rata and its location of deposition in the 
lung. Large particles tend to be Impacted onto the surfaces of the airway, 
particularly at bifurcations of the bronchial tree, while smaller particles 
can reach the lower regions of the lung and diffuse to pulmonary surfaces. 

The dosimetric model used by the International Commission on Radiological 
Protection (ICRP) for infialation of radionuclides makes allowance for the size 
of particles through a parameter called Activity Median Aerodynamic Diameter 
(AMAD). If the activity of each dust particle is plotted against its 
aerodynamic diameter (the diameter of a unit density sphere having the same 
settling rate as the particle) for all the particles in the aerosol, a 
distribution is obtained (which the ICRP assumes to be log-normal) the median 
of which is the AMAD. 

Ihe most straightforward way to measure AMADs is to use a multi-stage 
cascade impactor, which sorts the particles into bins according to their 
aerodynamic size. The activity of each 'bin' (the collected dust at each 
impactor stage) can then be measured and the results plotted to find the 
median. 

At each impactor stage air 1s drawn through several slots or holes to 
impinge upon a collecting surface. The airstream makes a sharp change of 
direction at the collecting surface, requiring a large acceleration of any 
entrained particles. Particles above a certain size, which depends on the 
dimensions of the slots, the separation between slot and collecting surface, 
and the jet velocity, have so great a linear momentum that they cannot follow 
the airstream and they impact onto the collecting surface, while smaller 
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particles are carried by the airstream past the impaction point to the next 
stage. Lach subsequent stage has progressively smaller slots and higher jet 
velocities and, consequently, a smaller cut-off size for impaction. Although 
the cut-off characteristics are not perfect, the 'loss' from each stage to its 
successor is approximately balanced by the 'excess' passed on from the 
preceding stage. 

A smooth and constant flow of air must be maintained; consequently, a 
carbon-vane pump or similar pulse-free pump is required. Some samplers are 
calibrated for different pump rates, thus allowing a broad range of particle 
sizes to be covered. 

{ * 

Several binary size-selective devices are available which may give some 
crude information concerning particle size (eg: dichotomous samplers, 
mini-cyclones, elutriators, etc) - none of these is capable of measuring an 
AMAO. Some cascade impactors are available that measure only mass. These may 
be useful if a reliable procedure can be established to convert results from 
mass to activity. 

y 

I 1 

(b) Measurement 
lhe flow rate through the assembled impactor should be calibrated using a 

rotameter or similar device. Sampling should be undertaken as close as 
possible to occupied locations, and the inlet of the impactor should be 
protected with a baffle to prevent non-airborne material falling into it. As 
very little dust is typically collected, long sampling times (hours) are often 
required. However, care should be taken not to overload the deposit on each 
stage, as re-entrainment of previously impacted dust can occur if the build up 
of material at impaction points becomes too great. 

For high-volume samplers (flow rates of 25 litres per minute or more), the 
collected material at each stage may be sufficient (hundreds of micrograms to 
a few milligrams) to permit counting using liquid scintillation techniques, 
but for high-precision, low-volume samplers, tens of micrograms may be all 
that is collected 1n each stage, requiring measurement using direct alpha or 
beta counting. Solid-state alpha detectors offer the lowest background rate, 
and hence the best sensitivity, but alpha/beta proportional counters may also 
be suitable if sufficient activity is present. 

— *- - - • 
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The activity measurements are tabulated by impactor stage, and the stage 

by stage cumulative activies calculated. The cumulative results are then 
plotted on log-probability graph paper. A log-normally distributed dust will 
generate a straight line when plotted in this way, and the 50°/ o probability 
line intersects the data line at the AMAD value (Fig. Y). 

In practice, the plotted data is typically only very approximately 
linear. Nonetheless, for the purposes of dosimetry, a 'best-fit' straight 
line is usually adopted as being adequate - a change of one or two micrometres 
in AMAD makes only a small change in estimated dose. In some cases, there may 
be evidence of a bi-modal distribution - two approximately log-normal 
distributions, having different modes, super-imposed on each other. This may 
indicate that two different types of dust were present. More complex 
investigations would then be required to identify and characterise the dusts. 

Radon and Thoron Gas 

Emanation from porous media 
In cases where radon/thoron emanation measurements are important, for 

example in ventilation design of an underground mine, several methods may be 
used. Some are specific for radon whilst others can measure and separate the 
different emanations, and may classed as passive or active methods. 

(a) Accumulator method 
This technique is better suited for the measurement of radon emanation 

only, as the thoron gas, although present in the atmosphere, is not detected 
due to its relatively short half-life (55 sec). In the accumulator method 
(Thompkins and Cheng 1969) a large container is placed over the area under 
investigation. Radon gas diffuses from the ground into the drum, which is 
normally sealed or grouted to a flat surface to prevent loss of radon at the 
collection interface. The radon concentration is determined repeatedly during 
the initial period when the buildup of radon in the container is occurring at 
a linear rate. If further measurements at the same location are to be made, 
the radon from the previous measurement must be removed. 

The radon concentration in the container is determined by using the 
two-filter tube method (Thomas 1972) or by taking air samples using an 
evacuated Lucas cell (Lucas 1953). Both methods are described in detail in 
later sections. If Lucas cells are used, an internal fan mist be fitted to 
ensure uniform mixing of the radon in the container prior to sampling. The 
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radon emanation rate is simply the radon flux per unit area and is calculated 
by the following equation, 

F = _CV_ (40) 
TA 

where 

-2 -1 F = radon emanation rate in Bq m s 
-3 C = radon concentration in drum in Bq m 

3 V =• volume of drum in m 
1 = time elapsed for radon accumulation in drum in sec 

2 A = area sampled by drum in m 

(b) Charcoal canister method 
The adsorption capacity of activated charcoal can be utilized for the 

determination of both radon and thoron emanation (Megumi 1973) and was 
developed as a quantitative tool by Countess (Countess 1976). Freshly 
degassed charcoal (usually coconut charcoal) is placed in cylindrical brass 
cups. The charcoal is degassed to remove previously adsorbed moisture and 
other gaseous products. After cooling, the canisters are sealed with plastic 
caps before use. 

In the field, canisters are placed over the area under investigation. They 
are placed onto the surface of soft ground or with additional soil packed 
around the edge on uneven hard ground to prevent leakage. 

In principle a maximum sampling period of no more than two half-lives for 
both radon and thoron is used. A longer sampling is of no benefit .Due to the 
different half-lifes of the respective longest living member in the decay 

222 212 
chains of radon ( Rn, 3.8 days) and thoron ( Pb, 10.6 hr), the optimal 
sampling periods are correspondingly markedly different. For thoron this is 
about 21 hours, which contrasts with about 7 days for radon. The extent of the 
sampling period only affects the accuracy of the method if the amount of 
adsorbed moisture from the ground exceeds 10% by weight of charcoal. 

The measurement of the canisters is usually done with a sodium iodide 
(Nal) crystal connected to a single channel or multichannel analyser to detect 

214 the 352 kev gamma ray of Pb (RaB) for radon determination. The 352 kev 
photopeak is used because of the absence of emission lines from thoron or its 
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T V * decay products. I f i t is known that radon only i s present in the charcoal, 
1 • the b09 keV peak may also be used fo r radon emanation measurements. 

212 S im i la r l y , the 239 keV photopeak of Pb (ThB) is used to determine the 
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thoron emanation ra te . However, in cases where both radon and thoron are 
214 

adsorbed, a correct ion f o r the con t r ibu t ion of the 242 keV peak of Pb 
212 

(RaB) to the intensity and abundance of the 239 keV peak of Pb(ThB) is 
required. The use of high resolution semiconductor detectors avoids the 
problem. For greater reliability, the canisters are counted 3 hours after 
collection to allow the radon decay products to reach equilibrium with the 
parent radon. 

in order to ensure reproducibility of results, the canisters must always 
be counted in the same geometry, Even then the counting efficiency is known to 
vary with time, mainly due to migration of radon in the charcoal (Gan et a I 
1984). 

I he radon or thoron emanation rate is calculated from the equation, 

\t 
2 e 

X \ e (41) 
-\t -\tc 

EA (1-e ) (1-e ) 

where 
-2 -1 F = radon or thoron emanation rate in Bq m s 

X =• counts registered above background 
212 . -I 

x = radon or Pb decay constant in sec 
E = efficiency of detection in counts per sec Bq 
t = is the elapsed time between end of exposure and start of counting 
t = exposure time of canister in sec 
t = counting time in sec 

2 A = area sampled by canister in m 

(c) Continuously sampling monitors 
All the active methods simply utilize a flow-through continuous 

radon/thoron monitor coupled to a sampling/ collection canister which covers a 
reasonable surface area. Ihe monitors used presently include flow-through 
scintillation cells and a continuous monitor (Postendorfer 1981) which relies 
on electrostatic precipitation of radon/thoron decay products onto a solid 
state detector. Both monitors will be described in later sections. The latter 



,1^ % 

•* * R*<flh-%«« 'Zdt 

134 
method which has been intercompared with the charcoal canister method in the 
field and laboratory (Gan et al 1984), is based on alpha spectroscopy and is 
therefore able to resolve between radon and thoron emanating from the same 
location. 

By comparison, the gross alpha counting mode of the flow-through 
scintillation method is not capable of separating the different emanations. 
Ihe simplest solution is to connect two cells in series with a long tube in 
between to discriminate against the thoron emanation. In this manner, the 
first cell detects counts from both radon and thoron emanation while the 
second cell detects the radon emanation only. From the two counts the radon 
contribution can be determined, and by correcting for decay, the thoron 
emanation rate can be calculated (Schery et a I 1989). 

Activity Concentration 

(a) Scintillation Cell Method 
[he alpha scintillation cell developed by Lucas (Lucas 1953) is simple to 

use and reliable for measuring the radon concentration in air by grab sampling. 

. 

i i 1 

1 

(he cell is evacuated prior to use and the sampling of the radon in air 
consists of opening it to the atmosphere and resealing. The radon decays to 
radon daughters which plate out on the ZnS (Ag) phosphor coating on the inner 
surfaces. The alpha scintillations emitted by the phosphor are detected by 
placing the window end ot the cell on top of a photomultiplier tube (PMf) in a 
light-tight enclosure. Pulses from the PMI are amplified and counted with a 
discriminator/sealer. Usually this count is delayed for 3 hours. 

Radon concentration is calculated by the following equation, 

XT 
where Re 

Rn 
(42) 

EV 

CR = radon concentration in Bq m 
R = counts per min registered above background 

x = radon decay constant in min 

T - time from sample collection to sample counting in minutes 
E = counting efficiency or calibration factor in counts per minute 

a -3 
per Bq m 

3 
V - volume of ce11 in m 



135 
E is determined empirically, with the calibration of individual cells 

opt 
requiring access to a standard Ra solution. 

(he scintillation cell in principle, can be used for measurements of 
thoron and radon/thoron mixtures in air by using the differences in decay 
characteristics of the radon and thoron daughters. Immediately following 
sampling of the air, the cell is counted for 5 mins. The counts obtained are 
due to a combination of mainly thoron and a small contribution from radon. A 
second count done 3 hours later is used to determine the radon concentration, 
the first count is then corrected for the radon contribution and after a 
correction for thoron decay, the thoron concentration can be determined. 
However, in practice thoron determinations are not widespread, and 
consequently the method for thoron is considered to be experimental only. 

Although reliability is an important attribute of the scintillation cell, 
some precautions are neccessary in order to avoid errors. The most important 
is to avoid imperfect valves which are a common cause of sample loss. As well, 
a poor vacuum leads to errors because a smaller volume than expected is 
sampled. A lesser consideration is the deposition of radon daughters on 
non-conductive cell walls which may be uneven and result in variation in E. 
This effect is remedied by the application of a conductive coating. 

(b) Iwo FiIter Tube 
The two filter method (Thomas and Leclare 19 70) was developed to provide a 

simple, prompt method for measuring radon and thoron concentration. Air is 
drawn through a metal tube equipped with a high efficiency filter at each end. 
I he inlet filter removes all radon and thoron daughter products, admitting 
only radon and thoron together with the sample air into the tube. Ihe radon 

n i p ') I C 

and thoron gas partially decays in transit, producing Po (RaA) and Po 
(lhA) atoms, most of which are collected on the exit filter, the remainder 
plating out or depositing on the tube wall. After sampling, the exit filter is 
removed and after a short delay analysed in an alpha counter for radon 
determination. The filter is allowed to stand for 3 hours, so that the radon 
daughter products have decayed completely. A second count of the exit filter 
is then made for thoron analysis. 
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The radon or thoron concentrat ion is ca lcu la ted by the equat ion. 

where C 
Rn or Tn 

= 1.665 x 10 X 
E Z F " V 

f 

(43) 

I -3 C„ or r - radon or thoron concentration i n Bq m Rn . Tn ^ 
X = number of alpha counts 
E = counting efficiency 
Z = decay factor which is a function of sampling and counting 

times 
V = tube volume in m 

F = fraction of RaA or ThA atoms formed in the tube that deposits 
on exit filter 

\& 

Ihe sensitivity depends on tube size, sampling rate and sampling and 
counting intervals, typically 185 - 370 Bq/m„ for radon. Large two filter 
tubes with much higher sensitivity have been constructed to measure low level 
environmental radon and thoron concentrations (Schery et a I 1980, Whittlestone 
1985). Some of these larger tubes (200 litre drums) include an aerosol 
generator which delivers micron-sized oil droplets to reduce the plate out of 3 daughter products, thereby increasing the sensitivity to about 1 Bq/.n for 
radon. 

i 

'i 

(c) Passive Monitors 

Detai ls regarding the d i f f e ren t types of t h i s class of monitor are 

described in the l i t e r a t u r e . Some of these funct ion proper ly wh i ls t in 

others, substant ia l improvements in design are requi red. In most cases, these 

monitors are speci f ic to radon. 

Essent ia l ly , the operation of these monitors involves the d i f f us i on of a i r 

containing radon through a f i l t e r In to an enclosure of defined volume. Within 

the enclosure some of the shor t - l i ved radon daughter products co l l ec t on a 

detector . For some monitors, the daughters, which carry a pos i t i ve charge, 

are drawn onto the detector by e lec t ros ta t i c p r e c i p i t a t i o n in the presence of 

1 ^ — ^ * 1 
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an electric field. The detectors used range from thermoluminescent detector 
(TLD) ribbons, nuclear track detectors (Cowper and Simpson 1979), solid state 
detectors (Negro and Watnick 1978, Annamakki et al 1983) to a novel electret 
filter and ZnS (Ag) phosphor detector combination (Chittaporn et al. 1981) and 
electret detectors (Kotrappa et al 1981). An electret is the electrical 
analogue of a permanent magnet, normally constructed from teflon, and carries 
a permanent electrical charge. As a result the radon and thoron daughter 
products are collected on the surface of the electret. In practice, a thin 
sheet of dielectric material normally covers the electret. The cover sheet is 
then analysed in the same manner as a filter for radon and t.horon. Recently, 
other materials including TLD chips arid nuclear track films have also been 
used as the collecting medium. 

Minimum detectable limits for radon concentrations measured using the 
3 3 

above techniques range from I Bq/m (Kotrappa et a I 1981) to 8 Bq/m 
(Chittaporn et al. 1981) and a value of 4 Bq/m has been reported for thoron 
(Kotrappa et al. 1981). 

Radon and Thoron Daughters 
The measurement of radon and thoron daughters invariably makes use of the 

fact that alpha particles are emitted in the decay processes, and these are 
relatively easy to detect, with excellent discrimination from any backqround. 
The majority of these methods involve the filtering cf the daughters from a 
known volume of air, and the measurement of alpha particle activity on the 
filter paper after sampling. The amount of activity on the filter and the 
decay behaviour following sampling is a function of the quantity and type of 
each daughter present. Determination of daughter activities can be made from 
measurements of activity as a function of time and from the solution of the 
relevant radioactive buildup and decay equations. 

Activity Concentrations 
The exact determination of radon PAEC requires the measurement of the 

activity concentrations of the three daughters Po, Pb and Bi. 
Three seperate measurements of activity are required for substitution in the 
decay equations. Fhese can be measurements of gross alpha activity or 
measurements of the 6.0 and 7.69 MeV alpha decays using alpha spectroscopy. 
The standard examples of these measurement methods are given below. 
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(a) Modified isivoglou method 

The original fsivoglou method used three measurements of alpha count rate 
following the end of sampling (Tsivoglou et al. 1953). This method was 
modified by Thomas (1970, 1371) to use integrated alpha counts over specified 
count intervals. These count intervals were chosen to optimise the accuracy of 
the analysis. Typical sample times are 5 or 10 minutes, and the count times 
used are 2 to 5 minutes, 6 to 20 minutes and 21 to 30 minutes from the end of 
sampling, ihe daughter activities are determined from equations of the form 

C. = A ^ X(2,b) + A. 2 X(6,20) + A i 3 X(21,30) (44) 

where C. is the activity concentration of the ith daughter, A..'s are 
i 13 

coefficients determined from the solutions to the decay equations and X(2,5), 
X(6,20) and X(21,30) are the background subtracted gross alpha counts for the 
respective count intervals. Values for the coefficients A are provided in 
Leach and Lokan (1979). The modified Tsivoglou method is useful for the 
determination of radon daughter ratios to assess the effect of different 
ventilation rates, but due to the long measurement time (up to 40 minutes) it 
is not suited to operational monitoring programmes. 

(b) Alpha spectroscopy 
A second means of obtaining the necessary three counts for an exact 

analysis is to use alpha spectroscopy to distinguish between the 6.0 and 7.69 
MeV alpha-particles from Po and Po, respectively. Ihis method 
requires only two counts after the end of a sampling period of 5 or 10 
minutes. The solutions of the decay equations take the form 

C A = A | ( X 1 (6.0) (45) 

CB = A21 Xl ( 6 - 0 ) f A22 Xl ( 7 ' 6 9 ) + A23 X 2 ( 7 ' 6 9 ) ( 4 6 ) 

CC = A31 Xl ( 6 - 0 ) + A32 Xl ( , # 6 9 ) + A33 X 2 ( 7 , 6 9 ) ( 4 7 ) 

218 214 214 where C. is the activity concentration of Po, Pb or Bi, the A..'s 
are the appropriate coefficients and X (6.0) and X (7.69) are the counts in 
the 6.0 and /.69 Mev alpha peaks for each of two counts. Alpha spectroscopy is 
potentially a more sensitive method of assessing daughter concentrations, 

218 particularly for Po. However, to achieve this improvement requires 
sophisticated electronics and an evacuated detection system. These methods are 
useful in the laboratory, but are not readily implemented in the field. 



139 
There are other counting methods that require alpha counting during the 

sampling period. A method due to Cliff (1978) uses three gross aipha counts, 
one during sampling and two following. Groer et al (1973) have developed a 
method using alpha spectroscopy and gross beta counting. Both these methods 
require special sampling heads and can not be carried out with standard 
monitoring equipment. There are a number of reviews of the strengths and 
weaknesses of these and other methods ( Holub 1977, Johnston 1978, NEA 1984 ). 

lhe thoron PAEC is determined from the concentration of two daughters, 
pit pip 

Po and Bi. Kor an atmosphere with no radon, two measurements of alpha 
activity are required. If radon is present then five measurements are needed. 
The long half-lives of these two thoron daughters allow good discrimination 
from the shorter lived radon daughters, but total measurement times can be 
very long ( up to 6 hours) A method proposed by Khan (1982) for Canadian mines 
uses count intervals of 2 to 4, 5 to 20, 30 to 60, 140 to 200 and 270 to 320 
minutes, with a 10 minute sampling period. The solutions have the form 

C. = A X(2,4)+A X(5,20)+A X(30,60)+A X(140,200)+A X(270,320) (48) 

where X(tl,t2) are the background subtracted counts in the particular counting 
interval. 

Potential Alpha Energy Concentration (PAEC) 
The exact determination of PAEC from three alpha counts as outlined above 

provides more Information than is normally required for compliance monitoring. 
These measurement methods are also time consuming. A number of people have 
studied the radon daughter ratios found in typical mine atmospheres and have 
developed single alpha count methods for PAEC determination ( Rolle 1972, 
BresMn 1969). These methods are generally much quicker and easier to carry 
out, and have sufficient accuracy for most routine monitoring requirements. In 
general the methods consist of a sample period, followed by a single alpha 
count. The delay period between the end of the sample and the start of 
counting is selected to minimise errors due to the variation 1n daughter 
ratios. The PAEC 1s then determined using an equation of the form 

X 
WL - (49) 

Q.E.t .t .K 
s c 
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where Q and E ore the sample flow rate and detection efficency, t and t are 
the sample and count intervals, X is the background subtracted alpha count and 
K is the applicable conversion factor for the particular method. Specific 
examples of such methods are the Rolle, Kusnetz and Rock methods for WL 
determination. 

* 
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(a) Rolle method for WL(Rn) 
Mgure 5 shows the alpha decay curves of radon daughters on a filter for 

various daughter ratios. Ihe figure shows that, at some delay period of less 
than 10 minutes, the alpha count rates are similar. The optimum count time is 
a function of the sample and count periods, and corresponds to the depletion 

218 214 214 
of the Po , before the feed-through to Pb and Bi. The error in the 
conversion factor, alpha counts to PAEC is of the order of 10 to 15%. Optimum 
delay times and conversion factors are given in Leach and Lokan (1979) or 
Rolle (1972). The Rolle method is a practical method for the monitoring of 
radon daughter WL, giving a measurements period of about 20 minutes. Due to 
the short time delay, this method is little affected by thoron daughter 
contributions in atmospheres containing both radon and thoron. ( See Cote 
method following). 
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Mgure 5. Variation of filter activity with time for various radon 
daughter concentration ratios. 
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(b) Kusnetz method for WL (Rn) 

The Kusnetz method is similar to the Rolle method, differing only in the 
duration of the delay period. In Figure 5, the sets of decay curves again come 
together for delay intervals of greater than 40 minutes. The original Kusnetz 
method (1956) used alpha count rates. This was latter modified by Breslin 
(1969) to allow for integrated alpha counts. Like the Rolle method, a filter 
sample is taken for a set interval ( usually 5 or 10 minutes) and the alpha 
activity counted after a delay period of 40 to 90 minutes. This seperation of 
sampling and count interval is frequently convenient, as a radiation safety 
officer can take a number of samples around the mine or mill, and count them 
later in the laboratory. However, the Kusnetz method is not suited to 
atmospheres containing both radon and thoron, since the ingrowth of thoron 
daughters will contribute to the alpha counts. The Ku;"etz method is less 
sensitive than the Rolle method, but the accuracy of the conversion factor is 
slightly better. 

(c) Rock method for WL (Tn) 
A field technique for the measurement of thoron PAEC uses a single alpha 

count 5 hours after the end of sampling (Rock 1975). Any radon daughters 
212 present on the filter will have decayed in 5 hours and the Bi is in 

216 equilibrium with the Pb. The value of K of 13.0 applies to an equilibrium 
mixture of daughters in air, but the difference in the conversion factor for 
extreme disequilibrium ( 1:0 ),is only 4% because of the dominant contribution 
from Pb. The Rock method makes no allowance for thoron daughter decay 
during the sampling interval and is only valid for sampling times up to 60 
minutes. 

(d) Cote method for WL (Rn) and WL (Tn) 
For mixtures of both radon and thoron daughters it is necessary to use a 

method that is basically a combination of the Rock and Rolle methods, in order 
to determine both radon and thoron PAEC. The Cote (1981) method uses a 10 
minute sample and three 15 minute count intervals. The radon and thoron 
contributions are discriminated by selecting the appropriate delay interval. 
With a first count from 1.2 to 16.2 minutes, K(Rn)=218. There is little 
contribution to the alpha counts in this interval from thoron daughters. A 
second alpha count, from 155 to 170 minutes after sampling, produces a 
combined radon/thoron PAEC, with a K(Rn+Tn) value of 14.1 Allowing for the 
decay of the radon daughters on the filter, a third alpha count over 225 to 
240 minutes gives the thoron PAEC with a K(Tn) of 14.2. 
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Other Parameters 

For radon daughters, provided the unattached fraction is less than 5% and 
the AMAD of the attached daughters is greater than 0.1 micron, then the WL 
(Rn) value can be used to determine the effective dose equivalent exposure. If 
the ventilation rates are high or if the ambient aerosol concentration is low, 
these conditions may not be satisfied, and the dose conversion factors may 
need to be modified. Measurements of unattached fraction and AMAD are not as 
straightforward as PAEC measurements and they do not normally form part of a 
monitoring programme. Some typical measurement methods are as follows:-

i* 

I 

1 

(a) Wire screen determination of unattached fraction 
Fine mesh wire screens have a high efficiency for collection of nanometer 

sized particles. By selecting the mesh size and flow rate tnrough the mesh, it 
is possible to discriminate between particles of 1 and 100 nanometer in 
diameter. For example, a 4 cm diameter, 200 mesh wire screen and a flow rate 
of 5 litre per minute gives collection efficiencies of > 90 % and < 1% for 1 
and 100 nanometer particles, respectively. These wire screens can be used in 
an analogous manner to filters and the radon and thoron daughters collected on 
them can be alpha counted using the methods detailed in the previous sections. 
By comparing the activity col letted on a wire screen to that collected on a 
filter, it is possbible to determine the values of the unattached fraction 
(James 1972, Yeh 1981). 

(b) Determination of AMAD 
lhe value of the AMAD for attached daughters is a parameter that is not 

easily measured under field conditions. Two approaches are possible - direct 
and indirect. The indirect method uses a measurement of the aerosol surface 
area distribution, derived using diffusion batteries with condensation nuclei 
counters, or electrostatic size classification. The direct methods use 
diffusion batteries ( either parallel plate, tubular, carbon or wire- screen ) 
to selectively remove aerosols in particular size ranges. The daughters are 
usually collected on filters and alpha counted. Unlike inertial Impactor 
measurements of dust, the diffusion batteries do not have sharp size range 
cut-offs. This necessitates complex processing of the diffusion battery data 
to deconvolute the particle size distributions. 

* 
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MONITORING INSTRUMENTATION 

Monitoring equipment for the measurement of airborne radioactivity can be 
divided into two types. Equipment requiring an air pump for sampling is 
termed an active device. Passive devices do not require an air pump. Active 
devices can further be divided into grab samplers and integrating monitors, 
lhese devices will be covered in more detail ^n the practical classes and in 
other lectures, but a number of general comments can be made. 

Dust sampling and grab sampling of radon daughters 
In its simplest form, the monitoring of airborne radioactivity requires an 

air pump, an open-face filter holder, a filter, an alpha particle detector and 
a counter. Portable sample pumps with a flow rate in the range 2 to 20 litres 
per minute are most useful. Metal or plastic filter holders for 25 or 47 mm 
diameter filters are the most common. 

For radon and thoron daughters, the most common filters are 0.8 micron 
pore size glass fibre or membrane filters. If glass fibre filters are used, 
then the face velocity during sampling should be below about 5 cm/sec, to 
avoid impaction into the filter and subsequent absorption of the emitted alpha 
particles by the filter medium. The alpha counting is normally carried out 
using either windowless drawer assemblies with a zinc sulphide screen and 
photomultiplier, or using a solid state surface barrier detector (usually 
ruggedised for field use). The latter detector can be used for both integrated 
alpha counting and alpha spectroscopy. 

for dust sampling, problems related to absorption of alpha particles by 
the filter paper while counting can be minimised by using close-weave filter 
papers (not glass fibre, for example) so that the dust is collected on the top 
surface of the filter. Self-absorption of alpha particles in the dust layer 
can be minimised by keeping the dust loading low. Filter papers prone to 
develop a strong electrostatic charge should be avoided, as they may set up 
small-scale electric fields which can expel dust from the filter surface or 
attract additional dust of unknown quantity. 

In areas where activity concentrations are high, personal sampling of dust 
1s desirable. A minimum 'tool kit' might typically contain: 

. filter holder (25mm open face) 

. filter papers (eg: 'Versipore') 

. personal sampling pump (21 per min, constant flow rate) 
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. flow rate calibrator (eg: bubble tube or rotameter) 
. alpha detector and drawer assembly ( solid-state or windowless 

scintillation detector) 
. scaler (or multichannel analyser) 
. calibration source 

Integrating Monitors for Radon and Daughters 
lhere are a number of monitors commercially available for the measurement 

of radon, thoron and daughters over extended time periods. Flow-through 
scintillation cells are available for radon measurement. These have a limiting 3 sensitivity of about 20 Bq/m , and a response time of about 15 minutes. Flow 
through monitors using electrostatic precipitation and alpha spectroscopy can 
be used to discriminate radon and thoron. These are slightly more sensitive 
than the scintillation cells, but the efficiency is humidity dependent. There 
are several variants of integrating working level monitors. Most comprise a 
pump, a filter, a solid state alpha detector in front of the filter, combined 
with counting and data logging electronics. Uncertainties in the conversion 
factors as a function of radon daughter equilibrium are less than 5%. The 
limiting sensitivity for these monitors is about 1 mWL and response time is of 
the order of 30 minutes. In general there is no radon/thoron discrimination 
although some monitors provide decay-time based procedures that can be used 
after the end of a sample. 

Integrating radon daughter monitors, where the electronic detector is 
replaced with a thermoluminescent dosemeter or a nuclear track detector, are 
available for personal monitoring of workers. These monitors allow a direct 
measurement of integrated exposure to the worker, without recourse to records 
of the workers activities and movements. 

Passive Radon Monitors 
Passive monitors are mainly used for integrated measurements of radon 

concentration, particularly at environmental levels. They normally comprise a 
container, with radon permeable barrier, and a radiation detector. This 
detector can be a thermoluminescent dosemeter, or more commonly a nuclear 
track detector. Activated charcoal monitors can be used for integrated 
exposures of up to 1 week. 
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CHAPTER b. THE ASSESSMENT OF PERSONAL DOSE DUE TO EXTERNAL RADIATION 

J . F. Boas and J . G. Young 

Austra l ian Radiation Laboratory 

1 

i 
ABSTRACT 

ihe fundamental basis of thermoluminescent dosimetry (TLO) is discussed 
and a number of considerations in the measurement of thermoluminescence 
described, with particular reference to CaSO.rDy. The steps taken to convert 
a thermoluminescence measurement to an exposure and then an absorbed dose are 
outlined. The calculation of effective dose equivalents due to external 
exposure to y-radiation in a number of situations commonly encountered in a 
uranium mine is discussed. Factors which may affect the accuracy of external 
dose assessments are described. 

Hi 

: 

il i 

INTRODUCTION 

In t h i s course to date we have large ly concentrated on the measurement of 

the hazards a r i s i ng from radon emanation and i t s inha la t ion and inges t ion . 

This can be regarded as the main source of in te rna l exposure, ana in many 

cases i t i s the main rad ia t ion hazard in uranium mining and m i l l i n g . However 

there can also be a s i g n i f i c a n t rad ia t ion hazard a r i s i ng from the external 

exposure from gamma rad ia t i on , p a r t i c u l a r l y when high grade ore such as was 

found at Nabarlek is mined. This makes i t necessary to monitor the exposure 

to y-rays of workers in the mine and m i l l areas. Because of the very 

localized nature of the "hot" areas i n a mine or m i l l , i t is essent ia l f o r 

each worker to have his own personal y-ray monitor from which the e f f ec t i ve 

dose equivalent due to external Y-radiat ion can be estimated. 

Two of the most common and convenient forms of personal dosimeter are 

based on the darkening of a photographic f i l m by ion iz ing rad ia t i on and on the 

amount of l i gh t emitted by a material heated subsequent to exposure to 

rad ia t ion . These two methods are general ly referred to as " f i l m " or "ILD" 

(Thermoluminescent Dosimetry) respect ive ly . Most personal dosimetry systems 

throughout the world which involve the moni tor ing of substant ia l numbers of 

persons use e i ther f i l m or TLO. 

J U M L •MM 
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Whilst film badges formed the basis of most personal monitoring systems 

until relatively recently, many countries have converted to the almost 
exclusive use of "FID. Both types of dosimeter have their proponents, and it 
has been argued that TLD based systems offer no substantial advantage over 
film (Dennis, 1986). However, in situations where objections on the basis of 
the high initial capital outlay of a TLO system can be overcome and where 
large numbers of dosimeters are to be processed, a TLD based system does 
appear to offer significant advantages. 

In mining and milling situations, thermoluminescent dosimetry (TLO) is 
regarded as a more convenient method of measuring personal exposure than 
film. TLD monitors are capable of greater sensitivity, can be used over 
longer periods and are better suited to the heat, humidity and rough handling 
likely to be encountered in the field than film. In this paper we consider 
firstly some of the basic properties of TLD materials and how these affect 
their use, secondly the incorporation of TLD devices into holders and the 
effect of these holders and thirdly the calculation of a dose equivalent from 
the exposure as measured by a TLD device. 

THERMOLUMINESCENCE IN CRYSTALLINE SOLIDS 
Thermoluminescence may be defined as the emission of light which occurs 

when an irradiated crystalline substance is heated. The process occurs as 
follows. 

When a crystal is irradiated, electrons in the valence band or trapped at 
a defect may gain enough energy to be raised into the conduction band. A hole 
is created simultaneously. The excited electron may recombine almost 
immediately with the hole or move in the conduction band until trapped at a 
defect. The lifetime of an electron in a trap depends on the depth of the 
trap below the conduction band and the temperature. The lifetime will be very 

6 long (>10 years) if the temperature of the crystal is low enough. When the 
crystal is heated, the electron may gain enough energy from thermal vibrations 
to escape from the trap Into the conduction band, from where 1t may either be 
retrapped by another defect or drop back down into the valence band, 
annihilating a hole. In dropping down from the conduction band the electron 
must loose energy, some of which may be emitted as light. This emission of 
light is called thermoluminescence. In some crystals, the trap levels are 
close enough to the conduction band for some electrons to escape at room 
temperature. This type of emission is called phosphorescence. The overall 
process is shown schematically in Figure 1. 
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FIGURE 1 (a) Carriers (electrons, closed circle; hole, open circle), 
are excited to the appropriate band by ionising 
radiation and then trapped. 
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HGURL 1 (b) Heat is applied to excite the electron into the 
conduction band. The electron then recombines with a 
hole giving off TL output (h«). 

The probability, P, of the electron obtaining enough thermal energy at a 
temperature T to escape from a trap of depth E below the conduction band 1s 
given by 

P - P Q exp (- E/kl) (1) 

where P Is a frequency factor of order 10 sec and k 1s Boltzmann's 

*L 
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constant (Becker 1973). We can see that even for traps of the same depth, 
there will be a range of temperature over which thermoluminescence can occur, 
giving what is called a "glow curve" for the crystal as it is heated. The 
temperature at which tr.e peak of the glow curve occurs depends mainly on the 
trap depth, i.e. the energy below the conduction band, and to a lesser extent, 
on the heating rate. If there are two or more types of defect present with 
different trap depths, then there will be glow peaks at different temperatures. 

We should note here that it is also possible for the holes created by the 
radiation to escape from their trap and move through the valence band before 
being retrapped or recombining with an electron with the resultant emission of 
light. In this case, the E of equation (1) refers to the energy of the hole 
trap above the valence band. 

MEASUREMENT Of 1HERM0LUMINESCENCE 
lo measure the thermoluminescence output of a material requires a device 

for heating the sample over the required temperature range and a means of 
measuring the light output. A schematic diagram of a TLD reader is shown in 
Figure 2. 
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1 he dosimeter material is usually heated by placing it on a metal tray 

which is heated electrically. Most thermoluminescent materials are poor 
conductors of heat, so that it is important for good thermal contact to be 
maintained. When a glow curve is required, the temppratnre of the dosimeter 
is increased linearly with time, which requires the heating unit to have a 
ramp generator and the appropriate control circuitry. Temperature ramp rates 
of 1 K/second or less are often required if the sample temperature is to 
follow closely that of the heating element. If only the total light output is 
required, as in dosimetry, the usual procedure is to heat the sample rapidly 
to a so called pre-heat temperature and hold it at this temperature for some 
seconds, before further heating the sample to the readout temperature, where 
it is again held for some seconds. The intensity of the light emitted during 
this last phase is integrated to give a number, called "the readout" which is 
proportional to the number of photons emitted and hence to the absorbed dose 
deposited in the sample. The purpose of the pre-heat phase is to empty the 
low temperature traps which contribute to fading (see below), and the actual 
TLD measurement is performed during the high temperature part ol the cycle. 
Once the readout phase is completed, the heater and sample are allowed to cool 
to room temperature before the dosimeter is removed and the cycle recommenced 
with a new dosimeter. 

The most convenient means of measuring the light output is with a 
photomultiplier tube and an electrometer amplifier to measure the current and 
for dosimetry purposes, the total charge or integrated current. Photon 
counting techniques are often not justified, as the common phosphors emit 
sufficient light, even after exposure of 0.3 yC kg or less. For dosimetry 
purposes, the actual light output from the phosphor is not a limiting factor, 
since the current produced is usually in the 10 A range. The electrometer 
output is usually converted into a pulse train, which can be recorded in a 
scaler memory and displayed digitally, or fed into a data recording system. A 
ratemeter can also be used to convert the pulse train into an analogue output 
to enable the glow curves to be recorded on a chart recorder. A more detailed 
discussion is given by Becker (1973). 

GENERAL PROPERTIES OF 1HERM0LUMINESCENCE DOSIMETRY MATERIALS 
the substance used as a thermoluminescent dosimeter must have a number of 

properties if it is to be a reliable means of measuring radiation exposure 
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r 1973). We may list some of these as follows:-

) The thermoluminescence output should be directly proportional to the 
total exposure over the range of interest. For personal dosimetry 
this requires a range From around 3 uC kg or less (i.e. ~ 10 mR or 
less) to 30 mC kg (i.e. ~ 100R). 

) The TL output must be independent of exposure rate. 

) The thermoluminescent peaks used in the dosimetry measurement should 
not be at too high a temperature, but conversely should not be at so 
low a temperature that the traps involved can be substantially 
emptied by prolonged periods at ambient temperatures. Above 300°C 
problems due tc heater emission, oxidation, heat transfer and 
destruction of the dosimeter itself may arise, whilst peaks below 
around 150°C will fade substantially in a matter of days on storage 
at room temperature. 

) ihe light output needs to occur at a suitable wavelength for the 
photomultipliers used. This is usally in the range 300-600 nm. 
Emission at longer wavelengths may be swamped by the infra-red 
emission from the heating element. 

) The dosimeter material needs to be such that it can be re-used if 
given a suitable heat treatment after exposure and readout. This 
means that it must be possible to anneal the material and restore it 
to its pre-exposure condition, and that this process can be repeated 
many times. The response of the material, upon re-exposure, must be 
reproducible. In some TLO materials, notably lithium fluoride doped 
with magnesium and titanium, the annealing procedure is not a simple 
one, because of the differences in behaviour of the defects if 
interest. One important reason for requiring that a 1LD material can 
be re-used many times is that each dosimeter may cost $15 or more, 
compared with film which is still considerably cheaper (about 
30 cents per film). 
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(6) The TL output shoi 1 vary in the same way with exposure to different 

photon energies •> does the absorbed dose in tissue, i.e. the 
material should be tissue equivalent. This is particularly important 
if the dosimeter is to be used with X-rays. Lithium fluoride doped 
with magnesium and titanium is approximate") ' tissue equivalent, but 
calcium fluoride and calcium sulphate bo ed dosimeters show an 
over-response to photons of energy belov about 150 keV. This 
over-response is by a factor of 10 or greate* at around 30 to 50 keV, 
but can be reduced if suitable filters are incorporated into the 
dosimeter holder. This question of energy rest ^se will be discussed 
later. 

(7) The dosimeter material should be substantially jnaffected by such 
environmental influences as light, humidity and common solvents. 

PR0PLRI1LS OF COMMON TLO MATLR1ALS 
the most common for 1L0 materials are lithium fluoride doped with 

magnesium and titanium (Lir:Mg,li) calcium sulphate doped with dysprosium 
(CaSO :Dy), calcium fluoride doped with dysprosium (Caf- :Dy) and lithium 
borate doped with manganese (Li B 0 :Mn). Ihe first two are the most commonly 
used, and some of their properties are compared in Table 1. 

Table 1. Comparison of Properties of CaSO :Dy and LiF:Mg,Ti 

Property CaS0.:0y LiF:Mg,Ti 

Readout Cycle 30s at 135°C, 30s at 270°C 16s at 135°C, 25s at 240°C 

Annealing procedure 2h at 270°C (discs) powder or chips disc 
lh at 400°C (powder) lh at 400°C 2h at 300°C 

followed by 16h at 80°C 
20h at 80°C 

Principal Emission 470, 5/0 nm. 400 nm 

Glow peaks at 80, 130, 220°C 60, 100, 130, 170, I90°C 
(Temperatures 1n PC) 

Minimum Detectable ~ 0.75 mR 5 - 1 0 mR 
-1 -1 

Level ~ 0.2 pC kg ~ 1.3 - 2.6 WC kg 
Thermal fading < 8% in 3 months ~ 10% 

at 22°C 

Light Sensitivity Some Care Needed 
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For application in personal dosimetry in the mining and milling industry, 

CaSO -Dy is preferable to LiF:Mg,Ti because it is more sensitive, is easier to 
handle and requires only a simple annealing treatment. Since most of the 
Y-rays of interest are of high energy (> 150 keV), its non-tissue equivalence 
at the lower photon energies is not a limiting factor. CaSO :Dy is preferred 
to CaF :Dy because it fades less readily. For similar reasons CaSO :Dy is the 
preferred material for environmental monitoring. 

CaSO :0v AS A DOSIMETRY MATERIAL 4 — 
Ihe glow curve of X-irradiated CaSO :0y shows peaks at 80°C, 120°C and 

4 
220°C. Each peak corresponds to the activation energy required to release the 
hole from a particular trap, and because of both the statistical nature of 
this release and the fact that the activation energy for a particular trap has 
a distribution, each peak is rather broad. As the temperature is raised, the 
traps corresponding to the peaks will become successively depopulated. There 
will also be some depopulation on storage at ambient temperatures, owing to 
the probability for depopulation being proportional to exp (-E/kl). Obviously, 
the low temperature traps will depopulate most rapidly, and it is necessary, 
in dosimetry, to take account of this. For example, the 80°C peak fades in a 
few hours and the 120°C peak in a few days. The 220°C peak fades very little 
over a period of many weeks. 

To overcome problems caused by the fading of the low temperature peaks, it 
is usual to pre-heat the dosimeter before readout, so as to empty the shallow 
traps whilst still leaving the deeper and hence more stable traps. In 
CaSO.rOy, the pre-heat is performed for 30 seconds at a temperature of 135°C. 
This empties the traps associated with the low temperature peaks. 

The readout is then performed at 2/0°C for a further 30 seconds and this 
empties most of the regaining filled traps. Figure 3 shows the glow curve and 
temperature profile for this cycle. In order to completely empty the traps 
filled by the radiation and to prepare the dosimeter for re-use, it is then 
annealed for 2 h at 270°C for discs and at 400°C for 1 h for powders. At the 
higher temperature, the deep traps are very effectively annealed out. 

From Figure 1 it can be seen that photons of suitable energy may induce 
transitions between the various energy levels, causing a redistribution of the 
electrons. This can have the effect of inducing or fading the 
thermoluminescence, i.e. either populating or depopulating the levels 
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associated with the 220°C peak. The details of these effects depend not only 
on the wavelength of light used, but also on the previous history of the 

4 material. CaSO -Dy powders or discs given a very large dose (> 10 R) show 
behaviour which indicates that the traps are not completely independent and 
can be repopulated under the appropriate circumstances (Boas et al. 1981). 

t 
It should be noted that annealing at temperatures above 300°C affects the 

teflon matrix, a disadvantage of the teflon disc form if very high exposures 
(e.g. above 1 C kg ) are encountered. On such high exposures there is a 
substantial population of deep, i.e. high temperature, traps and these are not 
emptied by annealing at 300°C. Repopulation of the lower temperature traps 
may then occur, giving misleading readouts for subsequent low exposures. 

I-
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FIGURE. 3. Glow curve and neating profile for CaSO :Dy in teflon 
discs. 
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There are three forms of TLD material in common usage, namely powder, 

hot-pressed chips, rods or ribbon and powder impregnated into teflon discs. 
All three forms are available commercially, and the form can be chosen to suit 
the particular application. For personal monitoring in the mining and milling 
industry, the teflon disc form is the most convenient, particularly when the 
monitoring system is to be at least partially automated. 

Powders require considerable care on the part of the operator to obtain 
reproducible results and are difficult to handle, clean and identify, while 
the chip, rod or ribbon forms suffer from disadvantages in identification. In 
addition wide variations in sensitivity within a given batch of chips (or rod 
or ribbons) can be encountered, which will require individual calibration of 
the dosimeters for the most accurate results to be obtained. 

The CaSO :Dy in teflon discs used in the ARL TIU monitoring service are 
12.b mm diameter, 0.4 mm thick and contain approximately 30% by weight 
phosphor. A detailed discussion of the behaviour of CaS0.:Dy in teflon discs 
as applied to personal monitoring of uranium mine workers is given elsewhere 
(Boas et al. 1981, 1982). 

CONVERSION OF THE TL "READOUT" TO AN "EXPOSURE" 
In most circumstances the magnitude of the TL readout is directly 

proportional to the energy deposited in the material, i.e. to the ABSORBED 
DOSE in the material. However, the energy deposited depends on the 
mass-energy absorption coefficient and thus varies both from material to 
material and as a function of the energy and the nature of the radiation. 

It is convenient to use air as a reference medium and relate the absorbed 
dose in any other medium to that in air by using the equation 

D = D v p 
med air { _mejJ . air J (2) 

v p 
air med 

where y . and p . are the mass energy abso rp t i on c o e f f i c i e n t s of the medium med a i r 
and air respectively and p . and p . are the i r densities. The absorbed dose 

med air 
in air, 0 . , is related to another quantity, the EXPOSURE, X, which is rather 
more conveniently measured and is defined as 

X = dQ/dm (3) 
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where dQ is the absolute value of the total charge of the ions of one sign 
produced in air when all the electrons (negatrons and positrons) liberated by 
photons in air of mass dm are completely stopped in air. Since the energy 
required to produce a single ion pair in air is approximately 34 eV, the 
approximate absorbed dose in air is given by 

I, 
D . = 34 X air (4) 

where u . is in units of J kg and X is in units of C kg . 

Ihus an energy deposition of I J kg (i.e. an absorbed dose of I Gray) in 
an extended mass of dry air, under conditions of electronic equilibrium at 
standard temperature and pressure, gives an exposure of approximately 0.029b t 
kg , i.e. 0.029b I of charge is produced. (Ihe actual value is slightly 
energy dependent, see e.g. Svensson and Brahme (1986)). 

V 

Provided that the major component of the radiation is of high energy (such 
as occurs in a uranium mine), the ratios of the mass-energy absorption 
coefficients of equation (2) are close to 1.0 for materials such as water, 
tissue (80°/ o water) and muscle, all of which are largely composed of elements 
with similar atomic number to air. In these circumstances, it is usual to 
neglect small variations with energy and regard the relationship between 
absorbed dose in tissue and the exposure as being linear, i.e. 

L). tissue 37.2 X (5) 

where u\ . is in Gray and X is in Coulomb per kilogram (C kg ). tquation 

(b) is s t r i c t l y t rue only to r y - rad ia t ion from 22b Ra. 

il 

s * 

Materials whose variation ot absorbed dose as a function of exposure is 
similar to that of tissue are regarded as being "tissue equivalent". However, 
there are a number ot materials ot interest in radiation measurement and 
protection which are not tissue equivalent, such as bone, which, because of 
its high calcium content gives a very much higher absorbed dose per unit 
exposure at photon energies ca bO keV than does tissue. Ihese factors need to 
be accounted for in dose calculations, furthermore, neither photographic film 
(as a consequence of its silver iodide active element) nor some 1LD materials 
are tissue equivalent. Whilst LiF is approximately tissue equivalent, CaSO. 
is net. ihe variation of absorbed dose per unit exposure as a function of 
photon energy for various materials is shown in Figure 4. It must be 

emphasized that the absorbed dose in air per unit exposure (in air) is 
independent ot photon energy. 

_*~ -J_ 
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FIGURE 4. 
Upper: Variation with energy of the ratio of the absorbed doses of water and 

air 
Lower: Variation with energy of the ratios of the absorbed doses of bone and 

fat to that of air. 

! * 

Since certain materials exhibit a large variation 1n 1L response as a function 
of photon energy, the TLD readout tor materials such as CaS0 4:Uy cannot be 
simply related to the exposure at the point in question It can also be seen 
that this particularly applies when the incident radiation is not 
monoenergetic. It the readout from a ILD monitor is to be related to the 
exposure at the point in question, this variation must be accounted for. 
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METHODS OF COMPLNSATION FOR NON-HONOENERGETIC OR VARIABLE ENERGY PHOTON 
RAOIATION FIELDS 

The exposure received by a wearer's personnel monitor may be estimated 
from the readout of the TLD elements, provided that certain physical 
parameters are known. There are three common situations which occur in 
practice. 

(a) If the photon beam is mono-energetic and of known energy, the 
exposure can be calculated directly using the readout and the energy 
response of the TL material. 

(b) If the photon beam is not mono-energetic but has a known energy 
spectrum, a filter can be designed to modify the spectrum of 
radiation actually reaching the 1LD element so that the exposure can 
be again calculated relatively easily and accurately from the 
readout, lhis principle is used in the original ARL TLD monitors, 
where a disc of CaS0.:Dy in teflon is used as the TLD element. The 
filtration is designed so that the response of the monitor, i.e. 
badge case + TLD element, has a more uniform TL response per unit 
exposure as a function of photon energies above 60 keV (the "red" or 
"orange" badges) or 20 keV (the "green" badges). Since most of the 
external expsoures from radioactive ores in a uranium or mineral 
sands mine or mill arises from high energy photons (energy > 200 keV) 
this approach is appropriate in the context of this course. 

(c) It the photon energy spectrum is not. known, it is necessary to use a 
multi-element dosimeter, where the elements have different 
filtration, to estimate the exposure. The procedure then requires 
the use of algorithms which combine the readout of each element with 
the previously determined energy dependent response of that element, 
lhis principle is used in the new ARL personal monitoring badge, 
developed by Teledyne Isotopes (USA). Here a "shallow dose" in 
tissue (non-penetrating radiation, e.g. low energy photons) or "deep 
dooe" in tissue can be calculated using the readouts obtained from 
different areas of a CaS0.:Dy in teflon card, where each area is 
exposed to radiation filtered by various means. The shallow dose 
(sometimes referred to as the skin dose) is the absorbed dose 

-2 received at a depth of 7 mg cm . The deep dose (or whole body dose) 
-2 is the absorbed dose received at a depth of 1000 mg cm . 
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CONVERSION Of THE "EXPOSURE" TO DOSE OR "WHOLE BODY DOSE EQUIVALENT" 

The 1987 Code of Practice (DASE1T 1987) requires that the ANNUAL EFFECI1VL 
DOSE EQUIVALENT for those workers exposed to radiation as a consequence of 
their employment be less than 50 miliiSievert (mSv) (5 rem in the "old" 
units). If the whole body is not irradiated uniformly, the same limit 
applies, but the EFFECTIVE DOSE EQUIVALEN1 is given by 

1 
H, > W T H T (6) 

where H. is the dose equivalent received by the specified organ or tissue and 
W is the appropriate weighting factor as given by ICRP (19/7). The factors 
w represent the fraction of the stochastic risk for the particular tissue to 
the total risk (see Chapter 3 ) . Dose equivalent limits for occupational 
exposure are given in Table 2 and the weighting factors for various organs are 
listed in Table 3. 

For each organ 

D, QN V) 

r • 
ij 

i 

where Q is the radiation quality factor expressing the relative biological 
effect of different types of radiation and N is a multiplying factor which is 
taken as equal to unity at the present time and D is the dose to the organ of 
interest. 

For X-rays, y-rays or electrons Q = I 
For singly charged particles and neutrons, Q = 10 
For multiply charged particles, e.g. a particles Q = 20 

Whilst the ICRP have recently increased Q for neutrons to 20, Australia 
(and some other countries) have not yet followed suit, so that Q H O for 
neutrons for our present purposes. Since both Q and N are dimensionless 
quantities, dose equivalent has the same fundamental units as absorbed dose, 
but is given the special unit SIEVERT (Sv). 

The "Old" Radiation Units and SI Units are related as follows: 

fc 

Exposure 
Absorbed Dose 
Uose Equivalent 

-4 - l 
I Roentgen (R) = 2.58 x 10 C kg by def in i t ion 

100 rad = I Gray (Gy) = I J kg 
100 rem - I Sievert (Sv) - 1 J kg -1 

An exposure ot I R 1n air gives an absorbed dose of 0.8/3 rad in air 
and approximately 0.95 rad in tissue. 

1 
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lable 2. Dose equivalent limits for a person exposed 
as a consequence of employment 

Organ or Tissue 
Annual dose equivalent 
limit in mi Ilisievert 

Quarterly dose 
equivalent limit in 
mi Ilisievert 

Whole body, gonads, 
red bone marrow 

Skin, bone, thyroid 

Hands and forearms, 
feet and ankles 

Abdomen of a woman of 
reproductive capacity 

Any other single 
organ 

50 

300 

750 

150 

30 

15 

400 

13 

80 

lable 3. Weighting Factors (W ) 

Organ or lissue Weighting Factor 

gonads 
breast 
red bone marrow 
lung 
thyroid 
bone surfaces 
remainder 

0.25 
0.15 
0.12 
0.12 
0.03 
0.03 
0.30 
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f\y When using these equations, the contribution of the remainder to H (i.e. 
j ^ ^ from those organs not specifically listed in Table 3) is calculated by 
, ™ t %> applying a weighting factor of 0.06 to each of those five organs or tissues 

not listed in Table 3 which receive the highest dose equivalent. In the case 
of uranium mining, the gastro-intestinal tract may be considered as receiving 

J the highest dose equivalent, so that the stomach, small intestine and upper 
J and lower large intestines are regarded as four of the five remaining organs. 
l\ lhe spleen was taken to be the fifth organ in the calculations described 

'JL : below. It needs to be noted also that no distinction is made on the basis of 
T the age or sex of radiation workers, and that a single annual effective dose 
* equivalent limit of 50 mSv is recommended for all workers. 
t 

Once the readout of a TLD monitor has been determined and its relationship 
to the radiation field assessed, the effective dose equivalent can be 
determined. However, it must be remembered that the monitor only measures the 

\ radiation field at its location. If the radiation field is not uniform, 
additional difficulties arise in the assessment of effective dose equivalent 
because the organs of the body may receive different absorbed doses. 

It has been found that non-uniform radiation fields occur in a number of 
practical situations in the mining and milling of radioactive ores. 
For example, it was found at Nabarlek that there were pockets of high grade 
ore interspersed among large areas of lower grade ore. Above these high grade 
ore lenses, the exposure rate varied significantly with height (Boas et al. 
1981, 1982). Ihus the readout of a ILO badge worn by a person working above 
such a high grade ore lens depends on whether the badge is worn at the chest 
or at the waist. Hence the assessment of effective dose equivalent using this 
readout will depend on a knowledge of where a particular monitor was worn. 

$ Non-uniform radiation fields occur in many practical situations outside the 
mining and milling inaustry. We draw attention to the situation faced by 
operators of X-ray analysis equipment, where the primary beam and any 
scattered radiation may have a narrow profile in space. Whether or not a 

| single monitor receives any exposure at all then depends on chance. Operators 
may therefore be subjected to a very high exposure without there being any 

, exposure recorded by their personal monitor. In these situations, the absence 
< . ' of a significant readout from the monitor (whether film or TLD) does not mean 

that no exposure was received by the wearer. It is therefore essential that 
. persons likely to be at risk from such sources of radiation take the 

^ appropriate precautions, irrespective of whether or not their personal monitor 
** shows the receipt of an exposure. 
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l-urthermore, the actual dose absorbed by the organ in question will depend on 
the spatial variation of the radiation field and on the location of the 
particular organ in the body, i.e. on the shielding of the organ by the rest 
of the body, lhe shielding by the rest of the body will differ to that 
occurring in the case of uniform irradiation of the whole body. Thus the 
weighting factors used for calculating the effective dose equivalent need to 
be modified to take account of the non-uniform radiation field. 

In order to enable the calculation of effective dose equivalent to be 
made, a series of experiments were performed in which radiation fields above 
ore bodies of various diameters were simulated and the absorbed doses in 
various organs measured and compared with the readout from a U D badge or 
other personal monitor. The results have been described in detail elsewhere 
(Wilson and Young 1982, Young and Wilson 1983) and are only described briefly 
below. 

CALCULAI10N Of ELECTIVE DOSE EQUIVALENTS DUE 10 EXTERNAL EXPOSURES 
Whilst there are many different exposure geometries which may be 

encountered in the mining and milling of radioactive ores, each of which 
requires its own set of conversion factors, we distinguish tour situations 
which may have wide applicability 

^ 

I 

}. 

1 

(i) anterior exposure - e.g. a miner facing a large ore body 
(ii) posterior exposure - e.g. an ore truck driver 

(iii) exposure from below - e.g. an ore spotter working over the ore body 
or on the stockpile 

(iv) omni-directionaI exposure - e.g. in an underground mine. 

These situations have been considered in detail by Young and Wilson 
(1983). Table 4 shows the multiplication factors which can be used to convert 
the absorbed dose, derived from a personal monitor worn at either the chest or 
the waist, to the appropriate organ dose equivalent for a particular circular 
plane source. 

fr 
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Table 4. Example of the multiplication factors for converting the TLO badge 

dose equivalent (Sv) reading to organ dose equivalent (Sv). 
(after Young and Wilson 1983) 

Organ 

MULTIPLICATION FACTORS FOR A T4m U1AME1LR TWO 
DIMENSIONAL SOURCE (Gy/C kg~ ) 

TLD badge worn on the chest TLD badge worn on the waist 

Testes 
Ovaries 
Kidneys 
Lungs 
SpTeen 
Liver 
Stomach 
Thyroid 
Lower large 
Intestine 

Upper large 
Intestine 

Small Intestine 
Bone Marrow 

1.07 
0.95 
0.96 
0.90 
0.91 
0.94 
0.88 
0.90 
0.88 

0.93 

0.94 
0.90 

0.99 
0.86 
0.88 
0.81 
0.83 
0.85 
0.81 
0.81 
0.81 

0.85 

0.85 
0.83 

In Table 5, we list the factors to be used to convert the absorbed dose as 
recorded by either a personal monitor or a survey meter to the effective dose 
equivalent. It will be readily seen that in the case of a posterior exposure, 
the multiplication factor is significantly different to 1.0, as may be 
expected from a consideration of the shielding of the monitor by the wearer's 
body. However, in most cases, a conversion factor of 1.0 is appropriate. 
These conversion factors have been derived using multiplication factors of the 
type given in Table 4 and equation 1, where the contributions to equation 1 
are summed as described above. 
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Table 5. Effective dose equivalent conversion factors 

for several different exposure situations 
(after Young and Wilson 1983) 

tXPOSURt 
S1IUA110N 

PERSONAL MONITOR 
WEARING POSITION CONV. fAClOR 

SURVEY MONITOR 
CONV. fACTOR 

anterior 

posterior 

below 
(source dia < 3.5m) 

below 
(source dia > 3.5m) 

below 
(source dia < 3.5m) 

below 
(source dia > 3.5m) 

omni-directional 

any 

any 

chest 

chest 

waist 

waist 

any 

0.9 

1.7 

0.9 

1.0 

0.8 

0.9 

1.0 

0.8 

0.6 

0.7 

0.7 

0.9 

ihe survey monitor reading was taken at waist height. The exposure oi a 
person is calculated using the measured exposure rate and the length of time 
the person spends in the area concerned. It should also be noted that the 
conversion factors to be applied when a survey monitor is used to estimate the 
absorbed dose are significantly different to those used with a personal 
monitor in some instances. This is a consequence of backscatter or absorption 
by the body, factors not present when a survey monitor is used. 

UNCERTAINTIES IN DOSE EQUIVALENT ASSESSMENTS 
There are several factors which make it difficult to accurately assess the 

dose equivalent for the various organs of a uranium mine employee. The effect 
of some of these factors can be reduced by the Radiation Safety Officer (RSO) 
in the following ways: 

(1) The RSO can ensure that he knows where each mine employee wears his 
TLO badge. 
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(2) The RSO can make estimates of the size of the sources to which the 

mine employees are exposed, by making routine measurements of the 
exposure-rate variation over the ore body. 

(3) The RSO can determine if the radiation received at the TLD badge was 
primarily from in front or behind the wearer, from a knowledge of the 
duties of the employee e.g. a driller or an ore truck driver. 

(4) ihe RSO must ensure that when the TLD badges are not in use they are 
stored in a low background area, both during the wearing period and 

F before and after this period. 

Some factors over which the RSO has no control are; 

(1) the multiplication factors are for a particular radiation field which 
may vary, depending on the ore body. 

(2) the multiplication factors have been calculated for a standard man, 
and may not apply to a particular employee. 

(3) the individual sensitivity of the discs used in the TLD badges can 
show variations of up to ± 20% for a standard exposure. 

(4) radioactive contamination may stick to the ILD badge and produce an 
abnormally high reading. 

Although the above factors are difficult to minimise or determine it 
should be possible with care, good judgement and regular radiation monitoring 
to be able to estimate the dose equivalent with an uncertainty of less than 
± 50%. 

• 

i 
1 
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SUMMARY 

We may summarize the following steps in the measurement of personal dose 
* equivalent as follows: 

(1) The measurement of a "readout". 

(2) lhe conversion of the "readout" to the exposure which is received at 
the point where the dosimeter is located, i.e. the calibration of the 
dosimeter against a known source with a known exposure rate. Ihis 
step requires either that the photons from the standard source have 
the same energy spectrum as the unknown source (i.e. the source in 
the field) or that the "energy response" of the dosimeter is known. 

(3) I he conversion of the exposure at the location of the dosimeter to 
the absorbed dose in the organs and/or tissues in question. 

(4) The conversion of the absorbed dose, D (unit: Gray) to the absorbed 
dose equivalent, H (unit: Sievert) using the equation 

^ - D 7QN 

(5) The calculation of the effective dose equivalent from the absorbed 
dose equivalent for specific organs using the equation 

H t - I W T H 1 

and the factors of Table 3. 
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APPENDIX 1 

Llectric Conductivity in Crystalline Solids 
In a perfect crystalline solid the ions are arranged in regular arrays 

with ions of the same species always having a fixed spatial relationship to 
each other in the same way as the units of a pattern of a wallpaper. For 
example, in lithium fluoride, the lithium cations are all positioned at the 
corners and centers of the faces of a cube relative to each other. Similarly 
the fluorine anions are also positioned at the corners and centres of the 
faces of a cube relative to each other. We say that lithium fluoride has a 
face-centered cubic lattice (see for example Kittel 1986, Chapter 1). 

A number of other materials also have a face-centered cubic lattice, e.g. 
sodium chloride, and calcium oxide, but there are 13 other types of lattice, 
each one describing a particular spatial arrangement of the units which make 
up the molecule. The lattice determines a number of properties of the 
crystal, the most important of which for our purposes is the electrical 
conductivity. 

A simple model for electrical conductivity in a solid treats the 
electrons as belonging to a free electron gas, where the energy levels are 
defined by the quantum numbers arising from the solution of the Schrodinger 
equation (Kittel 1986, Ch. 6). fcach energy level can contain no more than two 
electrons. Ihe statistical behaviour of the electron gas can then be 
described by Fermi-Oirac statistics. 

At absolute zero, each energy level contains two electrons, and all the 
levels up to the Fermi energy level are filled. At higher temperatures, 
levels above the Fermi energy are populated, so that some levels which were 
previously filled are now empty and vice versa. When an electric field is 
applied elections can move from one l3vel to another, giving a current. 

However, this is not a c"<np,"..e picture, as the periodic potential of the 
ions gives rise to a perturbation which results in there being forbidden 
regions or gaps in wha- was previously a continuous distribution of discrete 
energy levels. Ihe allo»:d energy levels form bands, separated by these gaps, 
and whether a material is a conductor, an insulator or a semiconductor depends 
on the population of the bands which in turn depends on the energy gap between 
the bands and the temperature (see Figure Al). 
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if all populated bands are completely full and the others are completely 
empty, then the material behaves as an insulator. If one or more bands are 
partly filled (or empty) e.g. 10 - 90%, then the material will behave as a 
conductor. If there are bands which are slightly filled (or empty) and all 
others are completely filled (or empty) then the material behaves as a 
semiconductor. The conductivity of a material may also be temperature 
dependent, as some of the electrons of an insulator may gain enough thermal 
energy to jump the energy gap and reach an otherwise empty band. A similar 
effect can be caused by light; such materials are photoconductors. We should 
also note that charge transport can occur by means of electrons in a nearly 
empty band (the conduction band) and by means of holes in a nearly full 
valence band. As examples of band gaps we may quote values of 0.67 eV for 
germanium, 5.33 eV for diamond and around 10 ev or more for insulators such as 
lithium fluoride and calcium oxide. Thermal energy at room temperature 
(300 K) is about 1/40 ev. A more complete account of the above is given in 
Chapters 6, / and 8 of the book by Kittel (1986). 

fr 
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Ihe Influence of Defects 

Ihe above discussion applies to a perfect lattice. In a real crystal, 
defects in the lattice modify this picture. These defects may be point 
defects such as single ion vacancies, impurity ions, interstitials i.e. ions 
not in a normal lattice site, small aggregates of these or large scale defects 
such as dislocation loops and voids. We will only consider single point 
defects or small aggregates of these here, and restrict our discussion to 
insulating materials. The defects will perturb the energy band structure and 
give rise to defect levels in the gap between the valence and conduction 
bands. The defect levels will also contain electrons or holes. 

Production of Point Defects in Insulators 
Impurity ions may be introduced into the lattice during preparation 

either deliberately or as a result of impurities in the original materials. 
These may substitute directly for a lattice ion, and if the impurity has a 
different valence to that of the host lattice, a vacancy may be introduced to 
give charge compensation, e.g. Mg can be substituted for Li in Lit-, and a 
cation vacancy is often found nearby. Impurity ions can also be introduced as 
interstitials, and these are often associated with other point defects. 

Vacancies, i.e. empty lattice sites, and interstitials where the ion 
arises from a vacancy can also be produced in crystals during the growth 
process. However in many crystals, large concentrations of vacancies and 
interstitials can be produced by both photon and energetic particle 
irradiation. In the alkali halides, e.g. LiF, photon irradiation is 
particularly effective in producing vacancy and interstitial defects, and in 
some cases even ultra-violet light will suffice. In the alkaline earth 
halides, e.g. CaF , photon irradiation is also effective in 
vacancy-interstitial production. In contrast, energetic particles such as 1 
MeV electrons or neutrons are required to produce defects in the alkaline 
earth oxides such as CaO. It should be noted that vacancies and interstitials 
are capable of trapping one or more electrons or holes and can thus be 
regarged as "stores" of these charge carriers (see for example, Sonder and 
Sibley 19/2). 

A mechanism for thermoluminescence in CaSO :Dy was originally proposed by 
Nambi and Bapat (1980). However, an alternative mechanism has been proposed 
by Matthews and Stoebe (1982). A series of experiments involving optical 
spectroscopy and electron spin resonance (e.s.r.) studies of calcium 
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sulphate crystals doped with a variety of rare earths (e.g. Eu, Gd and Sm, as 
well as Oy) has clarified the issue (Boas et al. 1986; Danby et al. 1982; 
Danby and Manson, 1984; Calvert and Danby, 1984; Danby, 1983, 1988). 

Irradiation disrupts some of the chemical bonds, releasing electrons and 
leaving holes trapped in the lattice on ions such as SO , SO , SO and 0 . y 4 3 2 3 

3+ . 2+ 
The electrons are trapped at Dy ions, causing a valence change to Dy 

On heating, the holes become mobile and move through the lattice to the Oy 
ions. Recombination of the holes with the trapped electrons occurs at the 
Oy ion site, and the emission is characteristic of transitions between the 3+ excited states and the ground state of the Oy ion. During the hole 
transport process, electrons move in the opposite direction, so that the 
normal charge on the radicals is restored. 

• 



173 
KEFERENCES 
Becker, K. (1973) Solid state dosimetry, CRC Press, Cleveland, Ohio, Chapters 
1 and 2. 

Boas, J.F., Danby, R.J. and Young, J.G. (1986) Radiat. Prot. Oosim., n , 
465-468. 

Boas, J.F., Johnston, P.N., Murray, A. and Young, J.G. (1981) "Testing of 
CaS0.:Dy in teflon discs as a thermoluminescence dosimetry material for 
personal monitoring of uranium mine and mill workers", A.R.L. Technical Report 

ARL/1R03I. 

Boas, J.F., Murray, A. and Young, J.G. (1982), Health Phys., 42, 865-868. 

Oanby, R.J. (1983) J. Phys. C. Solid State, 16, 35/3-3578. 

Danby, R.J. (1988) J. Phys. C. Solid State, 21. 485. 

Danby, R.J., Boas, J.F., Calvert, R.L. and Pi Ibrow, J.R. (1982) J. Phys. C. 
Solid State, 15, 2483-2493. 

Danby, R.J. and Calvert, R.L. (1984) Phys. Stat. Sol., a 83, 597-604. 

Danby, R.J. and Manson, N.B. (1984) J. Chem. Phys., 8_1, 5462-5470. 

Dennis, J.A. (1986) Radiat. Prot. Dosim., ]_7. 15-19. 

DASEII (1988) Department of the Arts, Sport, the Environment, Tourism and 
Territories. "Code of practice on radiation protection in the mining and 
milling of radioactive ores (1987)" AGPS, Canberra. 

ICRP (197/) Recommendations of the International Commission on Radiological 
Protection, Publication 26, Pergamon Press, Oxford. 

Kittel, C. (1986) Introduction to solid state physics, bth Edition, Wiley, 
New York. 

Matthews, R.J. and Stoebe, I.G. (1982), J. Phys. C. Solid State 15, 62/1. 



174 
Nambi, K.S.V. and Bapat, V.N. (1980) J. Phys. C. Solid State, 13, 1555. 

Svensson, H. and Brahme, A. (1986) in Radiation Dosimetry, Physical and 
Biological Aspects (C.G. Orton, ed.), Plenum, N.Y. p. 134. 

Wilson, O.J. and Young, J.G. (1982) Phys. Med. Biol., 27., 1253-1262. 

Young, J.G. and Wilson, O.J. (1983) "Evaluation of the radiation doses to 
uranium mine employees exposed to gamma radiation", A . R . L . Technical Report 
ARL/IR048. 

GENERAL BIBLIOGRAPHY 
Horowitz, Y.S. (ed.) (1984) fhermoluminescence and thermoluminescent 
dosimetry. Vols. I, II and III, CRC Press Inc. Boca Raton, Florida. 

Johns, H.E. and Cunningham, J.R. (1969) The Physics of radiology, 3rd 
Edition, Charles C. Thomas, Springfield, U.S.A. 

McKeever, S.W.S. (1985) Thermo luminescence of solids, Cambridge University 
Press, Cambridge, U.K. 

lu .ier, J.E. (1986) Atoms, radiation, and radiation protection, Pergamon 
Press., Oxford. 



! 

a 

il i 

*•: :*$"•'" ~,""' W7 • " rZ,\i 

75 

CHAPTER 7. ENVIRONMENTAL ANALYSIS AND EVALUATION 

0 
M. B. Cooper and B. L. Tracy 

I Australian Radiation Laboratory 

I 

ABSTRACT 

One of the requirements of an environmental radiation surveillance program 
is to identify and determine long-lived radioactive elements which may be 
released to the environment during the operation of a uranium (or thorium) 
mine and mill. Radioanalytical techniques which are suitable for quantitative 
and qualitative determination of long-lived radionuclides of the natural 
uranium and thorium series are reviewed. 

The general features of an analytical program are discussed in terms of 
sample preparation, radiochemical separation of radioactive elements, and 
radioactive measurement. There are situations in environmental analysis to 
which high-resolution y-spectrometry can be applied and the advantages and 

i limitations of this technique are considered. Quality assurance is an 
essential component of any monitoring program in order to ensure that reliable 
and precise data are available for the assessment of the radiological impact 
of the mining and milling operation. 

INrRODUCIION 
(a) Environmental Pathways 

There are a number of potential pathways of exposure to humans from 
radioactive effluents released to the environment during the operation of a 
mining and milling complex, fhese are illustrated in Figure I. 

On leave from Bureau of Radiation and Medical Devices, Department ot 
National Health and Welfare, Ottawa, K1A IC1, Canada. 
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Figure 1. Exposure pathways 

Considering only long-lived radioactive contaminants, i t is generally 
recognised (Goldsmith, 1976) that the two pathways which lead to the greatest 
potential exposure hazard are -

(a) release of radioactive particles to the atmosphere and inhalation of 
230 airborne part ic les. Th is considered to be the most important 

radionuclide in th is context. 

(b) release of radioactive material into aquatic systems ( incl ining 
ground water), migration in water, uptake into aquatic biota, 
migration in so i ls , uptake by plants and animals and then ingestion 

9 ? f\ ? 1 0 
by consumption of drinking water, plants and meat. Ra and Pb 
are generally considered to be the most important contaminants in 
transfer through the food chain. 

jr 
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(b) Major radioactive contaminants of the environment 

The radionuclides of greatest potential significance to health, following 
release of effluent to the environment in mining and milling of radioactive 
ores, are 

2 3 4 u . 2 3 8 u 
2 2 V 2 3 V 
226„ 228„ ' Ra, Ra 
210„. 

Pb 
210 o Po 

232 Th 

When monitoring the environment for radionuclides of the uranium or 
thorium series, it must be recognised that there already exists a natural 
background of these radionuclides. The monitoring program must therefore be 
designed to detect increments in the natural levels, that are due to the 
particular mining and milling operation. Table 1 contains typical baseline 
levels of some radioactive elements in the Alligator Rivers region of the 
Northern Territory (Conway et al., 1974). 

Table 1 

\* 

1 

tnvironmental 
Medium 

(a) water 
U (total) 
226 D Ra 
210„^ 

Pb 
2I0„ Po 

(b) Soils and sediments 
U (total 
226 Ra 
210„^ 

Pb 
(c) fish and vegetation 

U (total) 
226„ Ra 

Baseline concentration 
range 

0.2 - 2 pg/l 
0.2 - 2 pCi/l 
0.2 - 5 pCi/l 
0.2 - 5 pCi/l 

1 - 3 ng/g 
0.6 - 20 pCi/g 
2 - 8 pCi/g 

0.1 - 10 pg/g 
0.005 - 0.2 pCi/g 
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yi (c) Environmental Surveillance Program 
! w ^ , Environmental surveillance programs need to be structured to accommodate 
* "' * specific tasks which are associated with the mining and milling operations, 

site characteristics, environmental conditions and potential exposure 
pathways. The program should include the following operational steps, 

1 (a) Planning 
7 (b) sample collection 

(c) sample preparation and storage 
(d) radiological analysis 
(e) data interpretation and reporting 
(f) quality assurance 

SAMPLE COLLECTION 
It is not possible to formulate a set of standard sample collection 

procedures because of the variability in the requirements of surveillance 
programs and of local conditions. Several of the references in the 
Bibliography discuss the problem and give details for the collection of 
environmental samples of various types. Given that the sampling stage is the 
most important part of environmental programs, a number of points should be 
considered. 

p ) In order to have an efficient sample collection program, considerable 
effort must be put into the planning stage, defining the objectives 
of the surveillance program, the sampling schemes and the data 
analysis strategies. ii 

(ii) The samples must be representative of the region and of the material 
being sampled. Non-uniformity in environmental media gives rise to 

'I the largest uncontrollable source of variability in monitoring data 
A and can be offset only by multiple sub-sampling. 

1 (iii) The analyst should be directly involved in the sampling procedure in 
order to be fully aware of the nature of the field material to be 
analysed, to ensure that the samples are representative and that no 
significant change in composition occur during sampling, transport 
and storage. 

! * 
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Sample size will be dictated by a number of considerations -

(i) The minimum detectable concentration of the radionuclide by the 
analytical methods available. The detection limit of a particular 
method should be better than 0.1 of the derived limit of 
concentration of the radionuclide in air or water. 

i 
I (ii) The ease with which the sample can be transported to and processed in 
I, the laboratory. 

(iii) The number of analyses to be performed and the number of sub-samples 
to be taken. 

Typical sample sizes for measurement of low activities of natural 
radionuclides in the environment are, 

water - 1-10 litre 
soil - 50g (for chemical analysis) 

- up to 300 g (for y-spectrometry) 
sediments - as for soil 
vegetation - up to 1kg 
dietary items - variable, possibly up to 1kg 

Sampling frequency will be dependent on a number of conditions: 
(i) requirements of the regulatory or supervising authority 

(ii) frequency of effluent releases 

(iii) atmospheric conditions 

(iv) the nature of the environmental media 

(v) complexity of the preparation and analytical program 

(b) Sample preparation and storage 
j Obviously, when a sample is received at the analytical laboratory it is 

often not in the appropriate physical form for analysis. Throughout the 
preparation stage, the sample must be handled in such a way that a significant 

: change in composition does not occur before the analysis is carried out. If 
the sample is to be stored, it must be in a condition such that loss of 
radionuclides does not occur during storage. For example, water is acidified 

J 
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to prevent adsorption of radionuclides on the walls of the container and 
biological samples are frozen to prevent degradation of material. The extent 
of the sample preparation is very much dependent on the analytical program to 
be carried out. The over-riding requirement is to render the field material 
homogeneous without selective loss of any component and without 
cross-contamination between samples. This will ensure that any sub-sampling 
undertaken will produce representative material for analysis. If a 
non-destructive technique such as y-spectrometry is to be employed, no further 
sample treatment will be necessary. 

Those samples containing a large proportion of organic material eg. 
vegetation and dietary items, will often have to be reduced in bulk and in 
addition this will facilitate achieving homogeneity. Several techniques are 
used:-

(i) Wet ashing using oxidizing acids, typically nitric acid with 
perchloric acid or hydrogen peroxide. This is a tedious approach, 
particularly for large samples, although loss of radioactive material 
is kept to a minimum. 

(ii) Dry ashing in a muffle furnace at temperatures up to 450°C or in an 
oxygen plasma at temperatures below 150°C. The former method can 

210 lead to significant loss of radioactive components particular Pb 
210 and Po, but, it is the best for large samples. 

(iii) Freeze drying, also known as lyophilization or vacuum freeze drying. 
This involves pre-freezing the sample and drying under vacuum in a 
frozen state. 

Sample preparation steps can be summarized as follows; 

Solid samples eg. soil, sediments, vegetation, fish and other dietary items. 
1. Bulk sariple treatment 

- drying 
- fragmentation 
- pulverization 
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2. Homogenization 
- grinding, mixing, blending, mincing 
- homogeneity testing 
- ashing (for organic material) 

3. Sub-sampling 
- consideration of the optimum sub-sample size 
- dividing into smaller portions by weight or volume 

4. Acid dissolution 
- using HF if necessary to destroy silica 
- fusion to solubilize refactory components 

(Air filters containing dust samples will probably only be subjected to 
step 4). 

Liquid samples eg. surface or ground water, mill tailings 
1. Separation of suspended solids 

- filtration or by centrifuging 

2. Preconcentration 
- evaporation or precipitation 

3. Sub-sampling 

- by weight or volume 

(solids from step 1 will be treated as above). 

ANALYSIS BY Y-SPECTROMETRY 
In most situations, 1t is necessary to obtain information concerning 

1sotop1c distribution in addition to a measurement of the activity of the 
234 particular radionuclide. Uranium 1n most soils 1s commonly deficient in U 238 relative to U, (Rosholt 1965). Substantial disequilibrium can exist 1n 234 uranium ores (Sill 1977); for example, the ratio of activity of U to 

238 
U can be as low as 0.8 1n some ores. Fractionation in the uranium 

daughter ratios 1s also observed 1n dust samples from the mill or tailings 
areas (Sill 19/7). Isotopic Information 1s necessary to assess lung doses 
from inhalation of dusts containing maximum and its daughters. 

fr 
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The availability of the solid-state lithium-drifted germanium (Ge(li)) and 

intrinsic germanium detectors has led to their widespread use in analysis of 
Y-emitting radionuclides in environmental materials, y-spectrometry systems, 
incorporating these types of detectors, allow for both qualitative and 
quantitative estimation of radionuclides in a sample without the performance 
of any chemical separations. 

The superior resolution of intrinsic germanium detectors and their higher 
efficiency in the region of low y-ray energies - especially below 60 keV -
makes them more useful than Ge(Li) detectors for measurements in this region. 
At higher energies, Ge(Li) detectors are to be preferred. Table 2 contains 
data for energies and abundances of the principal y-rays for both uranium and 
thorium series; more complete listings are available elsewhere (e.g. Erdtmann 
and Soyka, 1979). Selection of a detector for y-spectrometry of these 
radionuclides in environmental materials must take account of the abundance of 
the y-rays of interest - many are less than 15% - and the efficiency of the 
detector for the particular sample geometries desired. This problem will be 
discussed elsewhere. In general, for sample geometries of interest in 
environmental analysis, maximum measurement efficiencies of about 10% are the 
best that can be expected for either type of detector, falling to less than 1% 
in less favourable energy regions. However, this does not preclude precise or 
sensitive measurements given the accurate calibration of the detector using an 
identical geometry and a standard matrix of similar density to that of the 
field samples. 

Although the principal y-emitters listed in Table 2 have short half-lives 
226 228 eg. daughters of Ra and Th, these can be used satisfactorily to 

determine the activity of their long-lived parents once it is certain that 
radioactive equilibrium has been established. Examples of long-lived nuclides 
which can be determined through their short-lived daughters are:-

238,, ,, 234 T h, 226 D ,214 D K 214 D, X U (from Th), Ra ( Pb, Bi) 

2 2 8 R a ( 2 2 8 A c ) a n d 2 2 8 T h ( 2 2 4 R a , 2 1 2 P b , 2 1 2 B 1 , 2 0 8 T 1 ) 
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Table 2 

Useful decay energies for the analys is of the major long- l ived 

radionuclides w i th in the Uranium and Thorium s e r i e s . 

(Lederer and Sh i r l ey , 1978; Erdtmann and Soyka, 1974) 

Radionuclide H a l f - l i f e Pr incipal Oecay 

Decay Energies 

Mode (MeV) 

Photon Energies Abundance 

(keV) Photons/100 decays 

238. 
U series 

238u 

2 3 4 T h 

234. 

230 

226 
F 

214. 

Th 

Ra 

214 Bi 

4.51xl09y 

24.1 d 

2.48x10 y 
4 

7.7xlU y 
3 

1.6x10 y 

26.8 m 

1 9 . 9 m 

210 Pb 20.4 y 

a 4.20, 4.15 -

B- 0.191 , 0.100 63.3 
92.4 
92.8 

a 4.77, 4.72 53.1 
a 4.68, 4.62 67.7 
a 4.78, 4.60 186.0 

B- 0.59 241.9 
295.2 
352.0 

B- 1.50, 1.51 609.4 
1.88, 3.26 768.4 

934.1 

1120.3 

0- 0.015 , 0.061 46.5 

3.90 
2.57 
3.00 
0.68 
0.38 
3.28 
7.47 
19.2 
37.1 
46.1 

4.89 
3.17 

15.0 

4.00 
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Table 2 (continued) 

Radionuclide Half-life Principal Decay Photon Energies Abundance 
Decay Energies (keV) Photons/100 decay; 
Mode (MeV) 

235" ' U series 

Q 

10.5 
4.70 
54.0 
8.50 
11.2 
3.24 
5.58 
13.6 

B-

235 
u 7.04xl08y 

22/ lh 18.5 d 

2 2 3Ra 11.4 d 

2 1°Bi 5.01 d 
2 1 ° P 0 138.4 d 

2 3 2 T h series 

4.40, 4.37 143.8 
163.4 
185.7 

6.04, 5.98, 50.2 
5.76 236.0 
5.71,5.60 144.3 

154.3 
269.6 

1.16 -
5.30 -

2 3 2 T h 1.41xl0 1 0 y 
2 2 8 R a 5.77 y 
2 2 8Ac 6.13 hr B- 1.18, 0.45 209.4 4.55 

12.0 
4.64 
4.84 
29.0 
17. r-

poo 
Th 1.91 y <x 5.42, 5.34 84.4 1.19 

2 2 4Ra 3.66 d a 5.68, 5.45 241.0 3.90 
2 1 2Pb 10.64 h B- 0.35, 0.59 238.6 43.1 

3.27 
2 1 2B1 60.55m B- 2.27,1.55 727.2 11.8 

2.75 
2 Tl 3.1 m B- 1.79, 1.29, 277.4 6.50 

22.5 
86.0 
12.0 

a 3.99, 3.94 -
B- 0.048, 0.024 -
B- 1.18, 0.45 209.4 

338.4 
463.0 
794.8 
911.1 
968.9 

a 5.42, 5.34 84.4 
a 5.68, 5.45 241.0 
B- 0.35, 0.59 238.6 

300.0 
B- 2.27, 1.55 727.2 

1620.6 
B- 1.79, 1.29, 277.4 

1.52 510.7 
583.1 
860.5 



185 
Standard sources are used to determine the efficiency of the 

y-spectrometer, over the energy range of interest. These can be prepared in 
one of two ways depending on the use to be made at the spectrometer. 

(i) Where the y-spectrometer is to be a general purpose facility; fitted 
for use with any y-emitting radionuclide, a set of pure radioisotopes 
of accurately known activities and y-ray abundances - each emitting 
one or at most, few y-rays - are incorporated into a matrix which is 
as similar as possible to that of the sample. With the standard 
material in an identical geometry to that of the sample, an 
efficiency curve is generated covering the full energy range of 
interest. Detector efficiencies can then be interpolated for any 
y-energies observed in the sample spectrum. 

(ii) Where the y-spectrometer is to be dedicated to measurements for U and 
Th series radionuclides a standard reference material containing each 
of the radionuclides of interest and with accurately known 
concentrations can be used to calibrate the spectrometer. Uranium 
and thorium ores would be suitable for this purpose. If it is 
certain that true secular equilibrium exists then the activity of all 
the daughter nuclides could be calculated from the concentration of 
the uranium or thorium parent. Again, the conditions of identical 
matrix and geometry between standard and sample must be met. 

Some of the advantages and disadvantages of y-spectrometry for 
environmental analysis can be summarized:-

Advantag.es 
(i) rapid analysis, particularly useful for screening samples, or in 

emergency situations 
(1i) large samples can be analysed 

(iii) non-destructive analysis is possible 
(iv) multi-element and multi-isotope analysis is possible. 

Disadvantages 
(i) expensive and delicate detection systems 

(ii) computer-based data processing is required 1f many samples are to be 
assayed. 

(1ii) comparatively insensitive compared with a and B-count1ng and 
o-spectrometry. 

http://Advantag.es
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ANALYSIS BY RAOIOCHEHISTRY 

In a number of situations it is sufficient to analyse an environmental 
sample by y-spectrometry to obtain information regarding the radionuclide 
content. In other cases, however, the low concentrations of activity in the 
sample will preclude the use of this technique, and the element(s) of interest 
will have to be separated from the sample matrix, and prepared with compact 
geometry to allow measurement by more sensitive techniques e.g. a-spectrometry 
or 0-counting. 

Radiochemical analysis incorporates both classical analytical techniques 
and procedures which are specific to the minute amount of the substance (<yg) 
likely to be present. Common techniques used in the analysis of actinides and 
their daughters are: 

(i) Precipitation using carriers 
(ii) Solvent extraction 

(iii) Ion exchange 
(iv) Electrochemical Deposition 
(v) Radioactive Tracers 

(i) Precipitation using carriers. 
Because the mass of the substance being determined is so small, it 

generally will not be possible to carry out chemical operations which depend 
on mass, such as precipitate formation. In these cases, it is necessary to 
increase the mass of material so that it may be handled by standard chemical 
techniques. Two approaches can be taken, one of which involves the addition 
of a known quantity, usually in the milligram range, of the inert form of the 
element being determined, i.e. a 'carrier1. The other situation arises where 
it is not possible to add an inactive carrier which is isotopic with the 
substance being determined. This applies to the Uranium and Thorium series 

210 radionuclides, except for Pb. The way to overcome this problem is to add 
a carrier of another element whose chemical behaviour during separation 1s 
sufficiently similar. Examples are the use of stable Lead or Barium in an 
analysis for Radium or Thorium. It may be advantageous to use a single 
carrier for a group of elements eg. Iron as ferrous hydroxide can be used to 
co-precipitate Uranium, Thorium and Radium from water samples. Both 
approaches may present difficulties due to 
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1. a significant mass of the element in the radioactive measurement 

stage may lead to self-absorption problems in both a and B-counting 
and a-spectrometry. 

2. isolation of the radionuclide in pure form from a chemically similar 
element may require difficult and lengthy procedures. 
e.g. Separation of Barium from Radium by ion exchange. 

3. The chemical being used as carrier may contain trace quantities of 
some of the radionuclides under study. 

(ii) Solvent Extraction 
Together with ion exchange, this represents the most generally applicable 

technique for the separation of actinides in environmental samples. The 
advantage lies in the fact that solvent extraction is independent of the 
concentration of element involved in the extraction. 

The technique has as its basis the formation of organo-metallic complexes 
in aqueous solution, which are then extracted into an organic solvent which is 
immiscible with water. The distribution of the metal complexes is governed by 
the Nernst Distribution Law for the particular species, 

C 
t A] s D = 
C [ A] w 

C where [ A] is the concentration of the species A in the organic solvent, s. s 

C [ A] is the concentration of the species A in the aqueous phase, W. w 

and D is termed the distribution ratio. 

By the choice of a suitable extracting or complexing agent, 1t is possible 
to remove a particular element or group of elements from an aqueous solution 
which may contain a large number of potentially interfering elements or 
species. The element(s) under analysis can then be back-extracted Into an 
aqueous solution using particular acid conditions or water-soluble complexing 
agents. 
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Examples of this technique are the separations of 
(i) Uranium using Aliquat-336*/Toluene 

(ii) Thorium using HEOHPVToluene 
210 (iii) Pb using OOTC* in chloroform. 

.r.' 

(iii) Ion Exchange 
Ion exchange is defined as the exchange of ions of like charge between a 

solution and a solid phase in contact. Many substances (e.g. clay minerals 
and inorganic compounds) display ion-exchanging ability. However, the most 
widely used exchangers are the synthetic polystyrene-based polymers which 
contain sulphonic acid groups (cation exchangers) or quaternary ammonium 
groups (anion exchangers). The technique is based on the replacement of the 
cations in the original sample with hydrogen ions (H ) supplied by the 
strongly acidic cation resin, or anions in the solution being bound to a 
strongly basic anionic resin. Ion exchange can be applied in order to 

i . 

1. remove interfering ions 
2. concentrate the radionuclides under analysis 
3. separate mixtures of radioactive elements 
4. separate anions from cations 

^ 

fel 

•' 

1 

(iv) Electrochemical deposition 
Reliable determinations of the alpha-emitting nuclides require 

well-prepared sources. Although these sources may be prepared by evaporation, 
electrodeposition is the method most commonly used to obtain undegraded energy 
spectra and good chemical yields. 

The technique Involves the electrolysis of a solution containing both the 
radionuclide of interest and suitable electrolytes. Under the conditions of 
the electrolysis, cations of the radionuclide and trace impurities are 
deposited as hydroxides, peroxides or oxides on a stainless steel or platinum 
disc which serves as the cathode. The anode of the cell usually consists of a 
platinum wire or gauze. 

HEDHP 
Aliquat-336 
DDTC 

Bis(2-ethyl hexyl) phosphoric acid 
irioctylmethylammonium chloride 
diethyl ammonium diethyldithiocarbamate 
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Electrodeposition must be preceded by the complete isolation of the 

element of interest from the sample matrix and other elements. Deposition 
yields, under the right conditions, will be greater than 90%. 

(v) Chemical yield determination using radioisotopes 
Losses occur during chemical procedures as a result of the need to obtain 

adequate removal of the large number of contaminants. 

To determine the cnemical recovery or yield for the separation method, 
several approaches are possible: 

a. the average of a series of samples to which a known amount of 
radionuclide has been added. This is the least desirable approach as 
it does not allow for variation in technique during analysis of field 
samples. However this problem can be reduced if 'spiked' samples are 
analysed with the batch of field samples 

b. By the addition of a known amount of stable isotopic carrier to the 
sample and the determination of the amount of carrier present upon 
completion of the radiochemical separation. Generally this involves 
gravimetric assay by UV/visible or atomic absorption 
spectrophotometry. The drawback of this approach is that the sample, 
e.g. soil, may contain appreciable amounts of the element chosen as 
carrier. 

c. The best approach is to measure yield by radiometric methods. In 
this case a different, usually artificial radioisotope of the nuclide 
being determined is added to the sample and the yield is based on 
measurement of the isotope activity before and after the 
radiochemical separation. The added radioisotope is termed a 
radioactive tracer. 

A list of commonly-used isotopic tracers for the radiochemical analysis of 
uranium and thorium series radionuclides in presented in Table 3. Three 
important points must be made. 

1. It is most convenient if the tracer yield can be determined by the 
same radioactive measurement technique as that employed for the 
nuclide under analysis. This, however, is not always possible e.g. 
2 3 4 T h (8, Y ) , being used for 2 3 2 T h (a, y), 2 2 8 T h (a, y), 2 3°lh 
(a, y). 
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The tracer should preferably be short- l ived. Tracers with greater 
act iv i ty than the radionuclides under investigation are introduced to 
allow for rapid and accurate yield determination. Contamination 
problems are reduced with the use of short-lived tracers. 

1 
It is essential that the tracers undergo chemical equilibrium with 
the radionuclides being assayed so that the tracers accurately 
reflect their chemical form and behaviour. Tracers are generally 
added at the commencement of the analysis and the sample is fused to 
allow this equilibration to take place. 

Table 3. 

Common tracers used in the analysis of Uranium 
and Thorium series radionuclides. 

(Erdtmann and Soyka, 1979; Lederer and Shirley, 1978) 

H 1 

1 racer Pr inc ipa l Half Method of 

Radionuclide used Emission of Tracer L i fe Preparation 
{% abundance) 

a 13 

MeV keV 
Y 

keV 

Uranium-series 
2 3 8 u 2 3 2 u 5.321 

(68.6) 

5.264 

(31.2) 

72yr Commercially 

avai lab le 

2 3 4 u 2 3 2 u as above 
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Table 3. (Continued) 

Tracer 
Radionuclide used 

Principal Half Method of 
tmission of Tracer Life Preparation 
(% abundance) 

a 
Mev 

6 
keV 

Y 
keV 

230 Ih 

22b Ra 

210 Pb 

^ 10_ 

234 

232 Th 

228 Ra 

228. Th 

Th 

227 Ih 

225. Ra 

223 Ra 

212 Pb 

5.757 
(20.3) 
5.978 
(23.4) 
6.038 
(24.5) 

5.608 
(26.0) 
5.716 
(53.7) 

(alternatively 

Po 

Ihoriurn-series 

198.5 63.3 

(3.9) 

50.2 

(8.5) 

236.0 

(11.0) 

320 

331 

stable Pb) 
2 0 8 P O 5.110 

(100) 

2 3 4 l h as above 
2 " l t , as above 
225„ Ra as above 
2 2 3 R a as above 
2 3 4 T h as above 
? 2 7 l h as above 

40.0 

(29.0) 

269.6 

(13.6) 

238.6 

(43.1) 

24. Id 

18.7d 

10.6h 

2.90y 

from natural 

uranium 

sa l t s 

daughter of 
227 

Ac 

14.8d daughter of 
2 2 9 , h 

11.4d daughter of 
22 / . 

Ac 

from natural 

Thorium 

sa l t s or ore 

a r t i f i c i a l 
209„ , , „ v Bi(p,2n) 



192 
RADIOACTIVE MEASUREMENT TECHNIQUES 
(a) tt-spectrometry 

Most of the long-lived radionuclides within the natural uranium and 
thorium series emit a-particles with high abundances and energies within the 
range of 4 to 8 MeV. Where the relative occurrence of the a-active 
radionuclides in an environmental material is known, a sample of that material 
need be measured only for its total a-activity in order to determine tne 
concentration of each nuclide. However, if the composition of the a-activity 
is not known, high resolution a-spectrometry using silicon surface barrier 
detectors is carried out. Because the potential absorption of a-energy both 
within the source itself and due to the air layer between the source and 
detector will lead to degraded spectra, measurements are carried out with 
electrodeposited sources and under vacuum. 

Efficiency is essentially independent of energy and is determined by 
source-detector geometry. Efficiency is usually in the order of 10% for 
geometry affording adequate energy resolution. For a fully-optimised system, 
an energy resolution of approximately 20 keV is readily achievable with a 
well-prepared source; however, optimization necessitates greater separation 
of source and detector, with a reduction in efficiency to approximately 3%. 
Alpha-spectrometers have extremely low backgrounds, allowing for very 
sensitive detection of a-emitting radionuclides. 

Standards for both a-counting and a-spectrometry can be prepared by 
evaporation of an aliquot of a standard solution of an isotope, with 
a-energies within the range specified above, on to a stainless steel disc. 
Evaporated sources suffer from two disadvantages for this purpose 

it is difficult to duplicate source dimensions with the evaporating 
film and 
there is some degradation of energy resolution from that achievable 
with other sources 

Better practice 1s to employ electrodeposlted sources, of the correct 
dimensions, which have been calibrated by absolute activity measurements. 

(b) accounting 
Several types of detectors are in use for routine analysis of samples by 

total a-counting. Ihese include gas detectors - such as ionizations chambers 
and proportional counters. Scintillation detectors using an activated zinc 
sulphide phosphor or a liquid organic scintillator and solid-state silicon 
surface barrier detectors. 
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Although most of these methods enjoy high efficiency and low background 

count rates, self absorption within the sample can have a major effect upon 
efficiency - for example, using a scintillation detector with an activated 

2 
zinc sulphide phosphor an upper limit of 1 mg/cm in the surface density of 
the a-source should be maintained. For this reason electrodeposited sources 
are to be preferred. 

(c) B-countinq 
Low activities of B-emitting radionuclides can be determined using several 

different types of detectors. End-window Geiger-Muller tubes and the internal 
or external gas flow proportional chambers are the most common types, although 
plastic scintillators have some advantages in terms of low background and high 
efficiency. 

The sample for measurement usually consists of a low-mass precipitate 
containing the radionuclide to be analysed, mounted in a metal planchet. For 
low (J energies, ultra-thin or electrodeposited sources will be required or 
liquid scintillation techniques should be used. Calibration is carried out 
with standard sources containing known activities of the radioisotope of 
interest in the same geometry as the sample. 

SPECIFIC METHODS FOR THE ANALYSIS OF URANIUM AND THORIUM AND THEIR LONG-LIVED 
RADIOACTIVE DAUGHTERS. 

A selection of published methods for specific elements and radionuclides 
is presented. These have been chosen to represent, in general, precise and 
sensitive techniques, and to be examples of different approaches to analysis 
of uranium and thorium and their long-lived radioactive daughters. 

(i) Radiochemical determination of isotopic uranium. 
1. Environmental Measurements Laboratory, USA (Volchok and de Planque, 
1983). Uranium from add-leached dry-ashed materials and soils is 

232 equilibrated with U tracer, and isolated by ion-exchange chromatography 
and mercury cathode electrolysis. The separated uranium Isotopes are 
electrodeposited for a-spectrometry. 

2. S11I and co-workers (S1II and Willis, 1977; Sill, 1977, a, b). Following 
total acid decomposition of the sample and a pyrosulphate fusion, uranium 1s 
precipitated by selective reduction on barium sulphate. Uranium 1s extracted 
Into Aliquot-336/loluene, and at low concentrations electrodeposited and 

232 analysed by a-spectrometry. u 1s used for yield determination and average 
recoveries of uranium are reported to be greater than 95%. 
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3. McDowell and co-workers: (McDowell, 1975; McDowell et al 1980). Uranium 
is extracted from an acidic solution of the sample using trioctylphosphine 
oxide. The uranium is stripped from the organic phase and selectively 
extracted into a scintillator solution. The uranium is then counted in a 
high-resolution liquid scintillation spectrometer. Uranium recovery is 
determined by standards and is stated to be, on average, 99%. 

The sensitivity of these techniques is claimed to be - for a-spectrometry 
-4 3x10 Bq (0.009 pCi) for a 60,000 sec. count and - for liquid scintillation 

-4 counting, 1.5x10 Bq (0.004 pCi); this activity in 1g of sample is equivalent 
to o.oi wg 2 3 8 u . 

The methods can be applied to all types of environmental materials 
following a suitable sample decomposition or volume reduction procedure. 
Analysis times range from 1 hr. to 1 day. Alpha spectrometry can be replaced 
by total a-counting if the isotopic composition has been established. 

(ii) Total elemental uranium analysis 
1. Fluorimetric methods (Volchok and de Planque, 1983; ASIM, 19/8 b). 

Ihis is the most sensitive of the chemical methods for determination of 
the total uranium content. Following isolation of the uranium from the sample 
matrix, the solution is evaporated to dryness, then fused with sodium fluoride 
using either a Meker burner or a muffle furnace. Ihe fluorescence from the 
NaF pellet is measured on a spectrofluorimeter and the concentration of 
uranium is determined from a calibration curve. Sensitivity of the method is 
of the order of 1 ppb (ie. pg/1 or ng/g) Uranium. Analysis time is 
approximately 5 hour per batch. 

2. U.V. spectrophotometry. 
There are numerous organic compounds which form highly coloured complexes 

with uranium in solution (Sandell and Onishi, 1978). These generally have 
absorption spectra in the visible region and this property can be used to 
measure the concentration of uranium in solution, via the direct relationship 
between optical absorbance and concentration (Beers Law). 
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The basic method involves isolation of uranium from the sample matrix, 

addition of the organic complexing agent and measurement of the optical 
absorbance of the solution on a UV/visible spectrophotometer. The 
concentration of uranium is determined from a calibration curve. One such 
method (Florence et al. 1971) employs bromo-PAOAP* as the complexing agent, 
the absorbance of the uranium complex being measured at a wavelength of 585 
nm. Sensitivity of this procedure for uranium is approximately 1 ppm (1 jig/ml 
or 1 wg/g). 

These techniques are commonly very sensitive to the prescence of 
contaminants which also form coloured organo-metallie complexes. 

3. Laser-induced fluorescence (Robbins, 19/8). 
This method, introduced commercially in recent time, is based upon the 

2+ 
laser-induced fluorescence from the uranyl ion, U0„ , in solution. A pulsed 
nitrogen laser irradiates the solution with 337 nm light and the fluorescence 
from the solution due to the uranium is monitored. A reagent is added to the 
solution to enhance the uranium fluorescence. Fluorescence due to natural 
organic compounds in solution is allowed to decay before the uranium 
fluorescence is monitored. The method is only applicable to water analysis 
but requires minimal sample preparation. A detection limit of 0.0b yg/l is 
claimed. 

(iii) Radiochemical Determination of Ihorium 
(a) Ion exchange method (Volchok and de Planque, 1983). 
Thorium is separated from the main constituents of the sample by 

co-precipitation with calcium oxalate. Purification of the thorium fraction 
from radium and other a-emitters is by ion-exchange. Thorium isotopes, 
232 228 230 

Th, Th and Th, are determined by a-spectrometry after 234 electrodeposition. Ihorium recovery is measured by B-counting the Th 
tracer. 

(b) Solvent extraction (S1II, 1977 a,b; Percival and Martin, 1974). 
The sample is decomposed by wet-ashing and pyrosulphate fusion. Thorium 

together with radium is precipitated on barium or lead sulphate. Thorium is 
extracted into an organic solvent using an extractant such as HOtHP or Aliquat 
336. As above, the thorium isotopes are determined quantitatively by 

234 a-spectrometry after electrodeposition. Th is used for chemical yield 
determination. 

bromo-PADAP; 2-(b-bromo-2-pyridylazo)-5-diethylaminophenol 
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(c) Liquid scintillation eg. McDowell, 1975; McDowell et al. 1979). 
A procedure similar to that described for uranium is used. 
High-resolution liquid scintillation spectrometry is employed to determine 
the thorium isotopes. 

(iv) Total elemental Thorium 
Photometric methods are most commonly used for the analysis of total 

thorium in an environmental sample. Thorium, like uranium, forms a 'arge 
number of coloured complexes with organic dyes and these can be used for the 
analysis of thorium by determination of the absorbance of the complexes at 
specific wavelengths (Sandell and Onishi, 1978). 

Typical procedures involve the extraction of thorium from the sample 
matrix and the decontamination by chemical techniques. An organic complexing 
agent is added to the final solution and the measurement of the absorbance is 
carried out on a U.V./visible spectrophotometer. Typical dyes used for this 
analysis are Thorin, Morin, Chrome Azural S and Arsenazo III. Detection limits 
for the photometric determination of thorium lie in the range, 1-10 yg thorium 
in lg of sample. 

226 (v) Measurement of Radium ( Ra) by the Emanation method (Blanchard. 1964) 
Ra is determined by measurement of its short-lived daughter Rn. 

Ihe sample is reduced to a solution containing the radium fraction which is 
222 then left for 2-4 weeks to allow for the ingrowth of Rn. After 

222 
equilibration, the " Rn gas is removed from the solution by bubbling with 
Helium or Argon carries gas and then captured on activated charcoal. The 
radon is then transferred to a vessel coated with zinc-sulphide (Lucas, 195/) 
for a-scintiNation counting, after allowing a further 200 mins for the 222 ingrowth of Radon ( Rn) daughters. 

The method is very sensitive, (for water, the lower limit of detection is 
approximately 0.10 pCi/l for a 10000 sec count), with a minimum of sample 

opt 
processing. Problems arise with higher activities of Ra in the sample 
(>50 pCi). Equipment required Includes a high vacuum emanation rig and 
a-counters. The technique is specific for Ra and may be applied to any 
sample which can be reduced to a homogeneous solution. One drawback 1s that 
it is not possible to use an internal tracer for yield measurement. 
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(vi) g-spectrometric measurement of Radium 226 

A number of methods are available (Smith and Mercer, 1970; Koide and 
226 Bruland, 1975) for the determination of Ra in environmental samples by 

a-spectrometry. These methods involve a complete chemical separation of 
226 Ra from other a-emitting radionuclides in the sample using barium as 226 carrier. Ra is e •ectrodeposited following ion-exchange separation of the 
barium and radium. The methods are as sensitive as the emanation procedures 

225 and have an advantage that Ra can be used to determine the chemical yield 
of the analysis One disadvantage is the tedious chemical separation that is 
required to produce a purified radium source for a-measurement. 

pot 
(vii) Liquid scintillation techniques for measurement of Ra 

In recent years an alternative method for the determination of radium has 
been developed (Darrall et al., 1973; Parks and Tsoboi, 1978; Pritchard et 
al., 1978). Liquid scintillation counting has been demonstrated to be a 
sensitive technique for the assay of radium in solution. The methods, are 

222 222 
based on the high solubility of Rn in toluene or xylene. Rn is 
transferred from an aqueous phase to a toluene or xylene based scintillant 
solution by a variety of methods. 

(1) by trapping radon gas on silica gel and transferring the gel to a 
scintillation vial, (Darrall et al., 1973). 

(2) by passing the radium containing solution through a small cation -
exchange column and transferring the resin to the scintillation vial 
(Prichard et al., 1980). 

(3) extraction of radon from water by toluene, then separating phases and 
placing the toluene in a scintillation vial with the necessary 
scintillants, (Horluchi and Murakami, 1981) 

(4) addition of a small volume of aqueous solution containing Ra to 
222 

an emulsion scintillator and allowing Rn Ingrowth after purging 
the mixture initially, (Parks and Tsubol, 1978). 
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222 ??6 

The methods require an ingrowth period for the Rn from Ra, 
however, there is the advantage of nearly 100% counting efficiencies for 
a-particles. Detection limits are approximately 0.2 pCi/1 for water for a 
5000 sec counting period. 

210 (viii) Determination of Lead ( Pb) 

210 Lead ( Pb) emits B-particles of very low energy (maximum 18 keV) making 
its direct determination very difficult at environmental levels. Most 
analytical methods involve measurement of either its 5.01 day half-life 

210 bismuth ( Bi) daughter which emits a very energetic 1.17 meV B (half-life, 
210 5.Old) or its a-emitting daughter Po (half-life, 138d). The activity of 

210 either daughter is related to that of the parent, Pb, by the appropriate 
210 growth and decay relationships. Measurements based on Bi are to be 

210 preferred because of its more rapid ingrowth after purification of the Pb 
parent. 

Typical published methods (Sill, 1977b; Sill and Willis, 1977), separate 
Lead and Bismuth from the sample matrix by solvent extraction using 
dithiocarbamate or Aliquat-336 as the complexing agent. Two to three weeks is 

210 210 allowed for equilibrium to be established and the Pb and Bi are 
separated from each other using dithizone or precipitation reactions and the 
210 

Bi counted using a low-background B-counter. Sensitivities for these 
types of analysis are approximately 0.2 pCi for a 20000 sec counting period. 

(ix) Sequential Analysis of Actinides 
If the environmental monitoring program requires a knowledge of each of 

the long-lived radionuclides in the Uranium or thorium series, it is 
advantageious to carry out the full analysis on the same sample. This 
involves sequential separation of the radionuclides of interest by 
radlochemistry followed by radioactive measurement of the isolated fraction. 
This approach maximizes sensitivity and precision when only small samples are 
available, eg. air dust samples. In addition, the possible effects of sample 
inhomogeneity are eliminated. There are several published metiiods which 
incorporate sequential analysis. (Sill et al. 1974; Sill, 1977a,b; Percival 
and Martin, 1974). 
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DATA INTERPRETATION AND REPORTING 
Statistics of Counting 

One of the chief sources of uncertainty in any radioactive measurement is 
the random nature of radioactive decay. If a given sample is counted 
repeatedly on the same time interval then the observed number of counts, n, 
will fluctuate up and down about some central or mean value, p. 
Mathematically the probability P(n) that exactly n counts will occur during 
the given time interval is given by the Poisson distribution. 

n -n 
D, * <"> e P(n) = - — - — 

nl 
The standard derivation of this distribution is /p. 

If v > 100, then this distribution is approximated by the familiar normal 
or Gaussian distribution 

1 - (n - p) P(n) =• e 
a /2ir 2 

2 a 

Again, the standard deviation a - /p. Since p may not be known a priori, the 
standard derivation may be estimated adequately from 

o = /n 

The standard deviation is a measure of the scatter of a set of observations 
around their mean value. For example, about 10,000 counts are necessary for a 
standard deviation in the total count of about 100 or of 1 percent. When many 
observations are made, approximately two-thirds of the observations ought to 
lie within one standard deviation from the mean and the remainder outside this 
limit. The following limits apply to representative multiples of the standard 
deviation in the normal distribution: 

Deviation ± 0.675 a to ± 2 a i 3 a 

Probability that observation 0.5 0.68 0.95 0.997 
lies within this deviation 
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Propagation of errors 

In addition to counting errors, there will generally be other sources of 
uncertainty in any radioanalytical measurements, e.g. uncertainties in masses, 
volumes, detector efficiencies, chemical yields. If the final result A 
depends on a number of variables x, y, ... each with an associate uncertainty 
a , a ... often the overall uncertainty in A is given by 
A y 

3A 2 2 3A 2 2 <A I (") o + (-) a + .... } ax x ay y 

In particular, not the following: 

A = 3x ; a = 3 a 
X 
2 2 % 

A = x+y ; a = I o% + <*y } 

2 
a a 

a x 2 y 2 Vi 
A - xy ; - = { ( - ) + (~) } A x y 

2 
a a x a x 2 y 2 Vi 

A - - ; - = { ( - ) + (-) } y A x y 

n a x A = x ; - = n (—) A x 

Detection Limits 
An important characteristic of every measurement process (combination of 

chemical procedure and detector count) 1s the lowest amount of activity that 
can be detected. Various terms have been used to describe this 
characteristic: lower limit of detection, sensitivity, minimum detectable 
activity, limit of guarantee of purity. Probably the clearest and most widely 
adopted approach 1s that of Altshuler and Pasternak (1963) and Currle (1968). 

In this approach it 1s important to steer a middle course between two 
kinds of error. An error of the first kind is a false positive, or wrongly 
reporting an activity that is not present. An error of the second kind is a 
false negative, or failure to report an activity that is 1n fact present. Let 
a and 0 respectively represent acceptable probabilities for these two kinds of 
error. Generally a - 0 - .O'J is considered acceptable. 
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Mathematically, any radionuclide can be regarded as "detected" if its 

activity exceeds a critical level 

k o 
a S s * 

'• I 

where k is the abscissa of the standardized normal distribution corresponding 
to a probability level 1 - a . a is the standard error for the net sample 
activity (gross minus background). This critical level is not the same as the 
detection limit. For a given measurement process the lower limit of detection 
is defined as that activity which, if present, would give a measured result 
above the critical level at an acceptable degree of confidence, e.g., 95% of 
the time. In other words if a given measurement fails to detect an activity, 
we can assert with 95% confidence that the true activity is less than the 
lower limit of detection (LLD). Mathematically, 

LLO - L + k„ o = (k + k D) a c B s o 0 s 

where kft is the abscissa of the standardized normal distribution corresponding 
to a probability level 1 - 0. We make the following simplifying assumptions: 

(a) a = 0 - .05 

k* 

t 

5 

(b) the counting times for sample and background are the same 

(c) the gross activity and the background are approximately equal 

Then k = k = 1.64b. a = B + B = /2B a IJ S 

where B = number of background counts during the measurement interval 

LLD - 3.29 /2B - 4.65 /B 

* 
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This equation give a lower limit of detection in terms of counts for the 

particular counting interval. To calculate the limit in units of activity, 
i.e. Bq, it is necessary to include the term which is the factor used to 
convert count rate to activity, 

LLO = 4.65 /B Y 

where Y = l/(R.V.E.f.D.t) and 
R is the chemical yield for all steps within the procedure 
V is the volume or mass of sample which is used in the analysis 
t is the absolute counting efficiency for the detector 
f is the number of photons of given energy emitter per nuclear decay 
0 1s the radioactive decay fraction 
t is the length of the counting interval in seconds. 

lhis concept can and has been applied to any of the commonly used 
radioanalytical techniques, high and low resolution gamma-spectrometry 
(Pasternak and Hariey, 1971; Volchok and de Planque, 1983), beta and alpha 
counting, alpha sepctrometry (Fisenne et al. 1973) and liquid scintillation 
counting. Typical lower limits of detection are presented in Tables 4 and 5. 
In applying the LLD concept to spectrometry the situation may be complicated 
by overlapping spectra. While this is unlikely in the case of high resolution 
spectrometry, at any particular energy the background of the detector 
effectively may have two components, the natural background of the system and 
the spectral background (continuum) due to Compton events within the detector 
from higher energy gamma photons from the sample. Consequently, the lower 
limit of detection for a radionuclide using high resolution gamma spectrometry 
will be dependent upon parameters such as detector efficiency, the natural 
background and the presence of absence of other radionuclides in the sample. 

It should be noted that the lower limit of detection as discussed here is 
based solely on counting statistics. Other random errors or systematic 
components of errors may arise 1n the measurement procedures and, if 
significant, should be considered in the estimation of the lower limit of 
detection. 
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Table 4 

Typical Lower Limits of Detection for 
the Analysis of Environmental Samples 

,is*vv; 

Method Detector Background Count Time LLD 
Efficiency 
(c/s/Bq) 

(c/s) (s) (Bq) 

1. Ph by 0.19 0.01 12000 0.022 
beta counting Bi. 24000 0.016 

2. Th by 0.20 0.001 10000 0.007 
alpha spectrometry 50000 0.003 

3. Ra by Rn 3.4 * 0.16 1000 0.017 
liquid scintillation 3000 0.010 
counting. 10000 0.005 

counting includes both Rn and Rn daughters. 

* 

lable 5 
Lower Limits of Detection for High Resolution Gamma Spectrometr. 

Branching Ratio 

Lower Limit of Detection (Bq) 
238,, 226„ 210 n k 228n 228 T t 40„ U Ra Pb Ra Th K 

0.03 0.46 0.04 0.29 0.43 0.11 

Gamma energy (keV) 63.3 609.2 46.5 911.1 238.4 1460 

Detector Effici ency 5.3 1.3 3.6 0.79 3.7 0.57 
(%) 

I Detector Background 0.88 1.9 0.75 0.55 3.4 1.8 
K 1 (c/lOOOs) 

1 
t I LLO (Bq) 

10000s 0.87 0.34 0.89 0.48 0.17 3.24 
•• . * 50000s 0.39 0.15 0.40 0.21 U.08 1.45 

i 

100000s 0.2/ 0.11 0.28 0.15 0.05 1.03 

i 
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QUALITY ASSURANCE AND CONTROL 

Quality assurance can be defined (Oakes et al. 1980) as the planned and 
systematic actions necessary to ensure accuracy of techniques and analyses by 
determining errors and minimizing them. Quality control involves those 
quality assurance actions which provide a means to control and determine the 
characteristics of measurement equipment and processes to meet established 
requirements. 

It is essential to carry out quality assurance within any environmental 
program to ensure that the data obtained is both reliable and precise so that 
any decisions concerning environmental quality are based on valid and 
comparable data. (Harley, 1978). 

The quality assurance provisions should apply to all stages of the 
environmental surveillance program. Most emphasis is usually placed on 
quality control within the analytical and measurement stages, where control 
can take place at several levels. 

(a) Batch analysis containing spiked and blank samples usually as 
'blinds'. Blanks are used to assess whether procedures are 
introducing cross-contamination within the batch. Data from spiked 
samples will indicate the accuracy of the method and a measure of the 
analyst's skills. The spiked and blank samples must be prepared from 
material as nearly identical as possible to the field samples. 

(b) Analysis of standard or reference material containing accurately 
known concentrations of radionuclides, eg. availability from the 

» ' 
; National Bureau of Standards, USA., International Atomic Energy 
j Agency. 

I! 

1 
(c) Inter-laboratory comparison programs. These are either carried out 

using replicate field samples or reference material distributed to 
each laboratory. In order to accurately assess the results of 
intercomparison exercises these samples must be introduced into the 
analytical program as unknown samples. 

fhe total effort devoted to quality assurance programs should be of the 
order of 20-25% of the total laboratory effort. 
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CHAPTER 8. MODELS FOR ESTIMATING THE RADIATION HAZARDS OF URANIUM MINES 

K. N. Wise 
Australian Radiation Laboratory 

ABSTRACT 

Hazards to the health of workers in uranium mines derive from the decay 
products of radon and from uranium and its descendants. Radon daughters in 
mine 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 radon 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 and 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 for 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 Joachimsthal 

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 18/9 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 higher exposures after full 
account has been taken of smoking habits and residency (Lundin et al., 1971). 
Where the radon daughter levels are low, as in potash mining, there is no 
difference in the risks for surface workers and underground miners. The 
cancer cells seen are predominantly of the small-eel I undifferentiated type; 
the basal cells have been implicated as a point of origin of the cancer cells 
(Kotin et al., 1966). 
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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-lived 
alpha-emitting radionuclides of the uranium-238 and uranium-235 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 mode of entry of either radon daughters or 
uranium ore dust into the body. For radon daughters the lung is the organ 
most at risk while for uranium and its descendants organs other than the lung 
may be at risk. Part 1 discusses the estimation of the radiation dose deriving 
from radon daughters while Part 2 .S confined to current views on how uranium 
and its descendants move around the body and the hazard they therefore impose. 

PART 1 : RADON AND 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 and 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 half-life of 22 
years may be regarded as non-radioactive when considering the evaluation of 
inhalation hazard. Some physical properties of radon and its daughters are 
listed in lable 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 

2 -1 100 jim. These ions have a high diffusion coefficient of 0.05 cm s to 0.07 
2 -1 cm s 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 
ym), 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 
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particle is sufficiently small (< 0.1 ym). Mercer (1976) has recently 
estimated the fraction lost by recoil to be 0.83. Loss of the bismuth-214 
formed by beta-emission from lead-214 is negligibly small. 

X . 

When the radon daughter products polonium-218, lead-214, bismuth-214 and 
polonium-214 are free in the air or associated with 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 unattached 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 

Properties of Radon and Radcn Daughters, 

! » 

Isotopes 

Rn-222 
Po-218 
Pb-214 
Bi-214 
P0-214 
Pb-210 
Bi-210 
Po-210 
Pb-206 

Half-life 

3 82 day 
3 05 min 
26 8 min 
19 7 min 
1 64 x 10 
20 4 yr 
5.01 day 
138 day 
Stable 

Major 
radiations 

For a-emitting isotopes 

Energy, 
KeV 

Tissue 
range, ym 

sec 

a 
B-
B-
a 
B-
B-

5.49 
6.00 

7.69 

5.31 

41 
47 

71 

39 

Aerosol characteristics 
The size of aerosols 1n the atmosphere range from clusters of a few 

molecules to particles of about 40ym diameter. Particles of about 10 nm 
diameter and smaller have very short Hfe-times because they rapidly attach to 
.cher aerosol particles and can exist 1n considerable concentrations only if 
they are produced constantly. At the other end of the scale, particles larger 
than 40 ym 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). lhe complete size 
distribution of aerosols cannot be obtained by one measurement procedure only 
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- particles smaller than 0.1 pm can be obtained from measurement of their 
diffusion coefficient or their electrical mobility while particles larger than 
0.5 pm can be measured using optical particle counters (IAEA 19/8). 

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 

4 arise over polluted areas of continents with concentrations ranging from 10 
to 10 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 given model distributions for the sizes of the 
atmospheric aerosols - the continental and 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 radon 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 ranged from 1.3 to 4 (mean 
2.7 t 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 been discussed by Raabe (1969, 1978) and is 
useful for the outdoor environment. The second 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: (l) losses to fixed surfaces such as walls are not considered as 
spaces are generally larger than a two metre cylinder, (2) the concentrations 
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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 daughters at any time after the 
air contained only pure radon can be found 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 equations which 
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. 

10* 
CONCENTRATION 

10» 

218 Figure l. Fraction of Po unattached to aerosols for air of ages 
1 min, 10 min and 1000 m1n. The average surface diameter 
assumed for the aerosol is 0.06 urn. 
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CONCENTRATION 

Figure 2. fraction of Pb unattached to aerosols for air of ages 
I min, 10 min and 1000 min. Ihe average surface diameter 
assumed for the aerosol is O.Ob um. 

10' 
CONCENTRATION 

214 

10' 

214 
Mgjjre_3. f r a c t i o n of Bi + Po unattached to aerosols for a i r 

of a<jt"> I imn, 10 min and 1000 min. Ihe averaqe surface 

diameter assumed fo r the aerosol is 0.0b 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 room or tunnel and through ventilation. The steady state 
solutions of the differential equations for the unattached and attached 

f a 
daughter concentrations, C and C , respectively, are: 

i i 

V 

f a 
x C + p x C 
i i-1 i-1 i i-1 

X Jr X + X + X 
v i s f 

(l-p )X C 
i-1 i l-l 

f 
+x c 
s i 

x +x +x 
v i a 

where: 
P. 

V Xa 

is the decay constant for each daughter, i =1,2,3 
the recoil loss probability 
the rate of loss by room ventilation 
the rate of loss of unattached daughters by attachment 
to aerosols 
the rate of loss of unattached and attached daughters 
respectively by attachment to room surfaces. 

For underground mines x may be no more than a few air changes per hour 
(Leach, personal communication) while in domestic environments more than 10 

-1 
air changes per hour are possible, lhus X could range from 0 to 0.003 s 
while data quoted by Stranden (1979) show x and x to be of the order of 7.2 

-3 -5 -1 
x 10 and 1.8 x 10 s . Fig. 4 gives estimates of the equilibrium fraction 
(or WL per 100 pCi/l of radon-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 with decreasing size or 
decreasing concentration (i.e. with decreasing attachment rate). 

I 

Measurements of the unattached fraction in mine 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 b. 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, lable 2 gives estimates of the median unattached traction and 
the geometric standard deviation; these parameters characterise the 

Clearly, the most recent measurements of the 
ot the USA exhibit a median 

log-normal 
unattached 
unattached 

standard 
distribution, 
traction in 
fraction for 

deviation ot about 3. 

underground mines 
^ l 8Po of about 0.03b and a geometric standard 

lable 2 

Summary of Measurements on Unattached Fractions 

v ,* 

^ 

location of Mine Type of Mine Measurement 

sumMrlsed here 

Median Geometric 

s.d. 

No of 

Measurements 

Reference 

Southern Utah Underground Total Unconblncd 0.20 2.6 16 Craft et a l . 1966 

and Colorado 

* m Mritco Underground J I 8 P o unattached - nine * 0.08 3.9 10 Ceorge and Htnchliffe, 1972 

- nine B 0.045 4.6 7 

- Mine C 0.029 2.2 9 

- nine 0 0.045 1.3 6 

- Bine E 0.017 3.1 7 

Mines A - I 0.04 3.3 39 

Mines B - E 0.03 2.9 29 

New Mexico Underground J 1 8 Po unattached 0.039 3.6 60 Raghavayya and Jones, 1974 

Colorado Mercer, 1975 

(a) Htne A is not operated by Diesel engines, mint', B to E are. 

1 
Few measurements are available on the unattached fraction in outdoor air. 

UNSCtAR (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 O.Ol-O.Ob), and 0.09 (range 0.05-0.12). Preliminary measurements have 

218 been carried out on the fraction ot Po 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 uncalibrated Royco 22b optical particle counter. Ihese 
measurements were made on the ore body in a location some 400 metres from 
where the pit is being dug. Ihe measurements on the daughters were done at 
night during times favourable to an inversion. Ihese measurements showed: 
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218 the averag? ratio of the daughter concentrations were Po: 

214 214 
Po: Bi = 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 

the unattached fraction ranged from 0.37 to 0.71; a much higher 
figure than encountered in underground mines. 

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

Models for lung dosimetry 
Calculations based 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 and 
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 divided 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 and in each generation the airways have a fixed diameter 
and length 
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Horsfield-Cumming geometry (1968) which recognises that there is 
irregular branching of the airways throughout the lung; the 
diameter, lengths and numbers of airways have also been given. To 
date this model has not been used in the estimation of hazards from 
inhaled materials. 

I, Table 3 and 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 speed 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 diameter 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 of 
particles. 

• 

! * 
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Table 3 

Lung model of Landahl 

?ucus 
Region Number Radius Length Surface transit 

area time 
2 (cm) (cm) (cm ) (mm) 

2 60 8 
6 40 6 
3 45 11 
1.5 TOO 37 
0.5 200 82 
0.3 3400 1980 
0.15 4700 
0.05 30000 

250000 

Trachea 1 0.8 
Main bronchus 2 0.5 
Lobar bronchus 12 0.2 
Segmental bronchus 100 0.1 
Subsegmental bronchus 800 0.075 
Terminal bronchus 6x10 4 0.03 
Respiratory bronchus 2xl0 5 

2xl0 6 

0.025 
Alveolar ducts 

2xl0 5 

2xl0 6 0.02 
Alveolar sacs 5xlo' 

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

(b) The physical dimensions of the airways are those given by 
Landahl (1950) while mucus transit times are based on the work 
of Altshuler et al (1964). 
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Table 4 

a Lung model of Weibel 

Region Gener- Number 
ation 

Radius 

(cm) 

Length 

(cm) 

Surface 
area 
(cm ) 

Trachea 
Main bronchus 

Lobar bronchus 

Segmental bronchus 

Sub-segmental bronchus 

Terminal bronchus 

Respiratory bronchus 

Alveolar duct 

Alveolar sacs 

Alveol i 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

1 

2 

4 

8 

16 

32 

64 

128 

256 

512 

1.02x10 

2.05x10 

4.09x10 

8.19x10 

1.63x10 

3.27x10 

6.55x10 

1.31x10 

2.62x10 

5.24x10 

1.05x10 

2.09x10 

4.19x10 

8.39x10 

0.9000 
0.6100 
0.4150 
0.2800 
0.2250 
0.1750 
0.1400 
0.1150 
0.0930 
0.0770 
0.065 
0.0545 
0.0475 
0.0410 
0.0370 
0.0330 
0.0300 
0.0270 
0.0250 
0.0235 
0.0225 
0.0215 
0.0205 
0.0205 
0.02 

12 

4.76 

1.90 

0.76 

1.27 

1.07 

0.90 

0.76 

0.64 

0.54 

0.46 

0.39 

0.33 

0.27 

0.23 

0.20 

0.165 

0.141 

0.117 

0.099 

0.083 

0.0/0 

0.059 

0.050 

67.8 
36.5 
19.8 
10.7 
28.7 
37.6 
50.7 
70.3 
95.7 
134 
192 
274 
403 
570 
876 
1360 
2040 

Mucus 
transit 
time 
(min) 

8 
6 
8 
3 

14 
12 
10 
32 
27 
23 

445 
378 
320 
261 
223 
194 
160 

fr 

Notes (a) The respiratory tract ir divided into 24 generations. All tubes 
in a generation are of equal length and diameter, 

(b) The physical dimensions of the airways are those given by Weibel 
(1963) while mucus transit times are those of Harley and 

Pasternak (1972) and estimated by them from the work of 
Altshuler et al (1964). 



A - • 

t * •. * * * : . 

222 

l O - i 

§ 
O 0-5-
U 

> 

U 
(X 

IMPACTION 

dp * 0*3jjm 

L--, 
I 
SEDIMENTATION 

0-08 V. i _ _ . 

T — r 
1 

i — i — i — i — i — i — i — i — i — i — i 
5 10 15 

GENERATION 

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 , which is four orders of magnitude higher than for particles, deposit 
very efficiently in the lungs - more than 50% 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 th? inhalation rate does not affect the deposition greatly. 
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Mgure 7. Deposition probabilities for each generation of the 
tracheobronchial region for 0.2 vm diameter particles and 
ions with a diffusion coefficient of 0.054 cm 2 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 at the trachsa to less than 0.01 cm 
min 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 ym at the main bronchi to 
20 ym in the transitional bronchioles (Gastineau et al 1972); the standard 
deviation of the depth of the cells is of the order of 10 ym. 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 ym 
whereas Harley and Pasternak (1972) have used 22 ym for the depth of the 

218 214 cells. As the ranges of alpha particles from Po and Po are 47 ym and 
71 ym, 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 ym changes the 
estimated dose by some 25%. 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/WLM as deduced by Walsh (1979) from epidemiological 
data. Walsh also estimated that the Gray to Sieverts conversion factor 1s 
between 3 and 4 (ICRP currently recommend that this factor, called a quality 
factor, be 20). UNSCtAR (197/) recently reviewed the literature and suggested 
a conversion factor of 10 mGy WLH It would appear, however, that the use 
of a conversion factor of around 10 mGy WLM rests on the premise that the 
unattached fraction 1s small and 1n modern mines rarely rises above 10%. This 
is supported by data from underground mines. 

The measurements 1n the Northern Territory described above indicates that 
the unattached fraction may not always be low 1n some environments. Given the 
efficiency with which unattached daughters deposit on the lung airways this 



., *i: i*-: 

225 
implies that in some environments the dose to lung could be higher than 
underground mining experience would suggest. Calculations based on the Wei be1 
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 mCy 

-1 -1 218 
WLM to 30 mGy WLM when the fraction of unattached Po 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. 

Table 5 

y 

SI 

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

Investigation Tissue Cal culated Dose 
mGy/WLM 

Altshuler et al 1964 Segmented bronchi 30 
Jacobi 1964 Secondary-quarternary bronchioles 29 
Haque and 
Ccllinson 

1967 Segmented bronchi 20 

Walsh 19/0 Bronchial epithelium <10 
Harley and 
Pasternak 1972 

Segmented bronchi 2-3 

Walsh 1979 Bronchial epithelium 143 

James 1980 Bronchioles 7-20 

Wise 1980 Segmented bronchi 8-40 

Note (a) Estimated from epidemiological data 

S * 
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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 
238 10 and 20 mBq/day of U, leading to a body burden of about 0.2 Bq/kg and a 

dose of 3 yGy per year. 

I, 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 very 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 19/8, ICRP 
19/9). 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. 

: 

1 

The limits on exposure to radionuclides in air and water imbedded in 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 
late in 1979 as ICRP30 parts 1 and 2 together with supplements; it is 
concerned only with the derivation of secondary standards that limit intake of 
radionuclides by workers. The limits are known as Annual Limits of Intake 
(ALI) either for ingestion or for inhalation. No standard is developer; 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 
Man (1CRP, 197b) 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 ot 
the changes that will take place 1n the future. Obviously, too, a discussion 
of the models highlights those factors which are important in determining the 
hazards from ingested or Inhaled radionuclides. 

* 
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ICRP Lung Model 
This model was 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 l/min, can be considered to 
represent the rates chosen; hence, although 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. 
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Uptake of radionuclides 

Clearance of deposited material can be by transport directly to the blood 
or its upward movement towards the throat where it is swallowed and thus 
enters the 61 tract. 

\-=> 

L y m p h 
nodes 

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. 
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Table 6 

Parameters f o r ICRP lunq clearance model 

4 

^ X 
* *••* 

1 
1 

* 

Class 1 
1 

* 

Region Pathway 

1 
1 

* 

Region Pathway 0 W Y 
'* 

X 
Region Pathway 

T F T F T F 
i 

f 
t N - P a 0.01 0.5 0.01 0.1 0.01 0.01 

<VP = ° - 3 0 ) b 0.01 0.5 0.40 0.9 0.40 0.99 

1 - B c 0.01 0.95 0.01 0.5 0.01 0.01 
\ . (o, B =- ° - 0 8 ) d 0.2 0.05 0.2 0.5 0.2 0.99 

; 

e 0.5 0.8 50 0.15 500 0.05 ; 

P f - - 1.0 0.4 1.0 0.4 ( 

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

s! L i 0.5 1.0 50 1.0 1000 0.9 

1 
1 
• 

J - - - 0.1 

ii 1 
• Notes: (1) 1 is the clearance ha l f - t ime in days. 

! 
1 (2) F is the f rac t i on of mater ia l deposited of each reg ion of the 

I 
compartments 1 <-P. T-B, and P. 

I 1 
1 , 

(3) DN-P 
each 

D and D are the f ract ions of mater ia l deposited in 
1 -B P 

region; they are fo r an aerosol w i th AMAD - 1 ym. 

i 



<£&*& r 
'*4 )6 

, *•• 

231 
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) 0 for minimal 
retention (biological half-lives less than 10 days). Data on the clearance 
classifications for uranium and daughters are given in Table 7. 

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

to the body fluids. 

Radionuclides 

i i 

Pb-210 to Pb-212 
Bi-210 

Po-210 

Ra-223 to Ra-228 
Ac-225 to Ac-227 
Th-227 to Th-234 

Pa-231 to Pa-233 
U-232 to U-238 

Lung 
Clearance 
Cla<=s 

D 
D 
W 
W 
D 
W 
W 
Y 
W 
W 
0 
Y 
Y 

Compound Fraction 
transferred 
to blood 
from SI 

fl 

Al 1 compounds 0.1 
Bismuth nitrate 0.05 
All other compounds 0.05 
Oxides hydroxides and nitrates 0.1 
Al 1 other compounds 0.1 
A!1 compounds 0.2 
All compounds 0.0003 
Oxides, hydroxides 0.0002 
All other compounds 0.0002 
All compounds 0.01 
Most hexavalent compounds 0.05 
Most tetravalent compounds 0.05 
U 0 2 ' U3°8 0.002 

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

! * 

Once transferred to the 61 tract, the radionuclides move 1n turn from the 
stomach to small Intestine, to upper large Intestine, to lower large intestine 
before final excretion. A fraction, f , of the radionuclides is transferred 
into the blood at the small intestine. Table 8 gives estimates for the mean 
residence times 1n each region of the Gl tract. Table 7 gives some estimates 
for f 
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Table 8 
Parameters for gastrointestinal tract model 

Section of GI tract 

Stomach (ST) 
Small intestine (SI) 
Upper large intestine (ULI) 
Lower large intestine (LL1) 

Mass of Mean X 
contents residence -1 days 
(g) tine (days) 

250 1/24 24 
400 4/24 6 
220 13/24 1.8 
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. 

'J 
r • 

i Element 

Table 9 
Fraction of uranium and daughter nuclides 

transferred to source tissue. 

Bone Liver Kidneys Spleen Testes Ovaries Rest of 
Body 

i 1 

Lead 0.55 0.25 0.02 
Bismuth 0.4 
Polonium 0.1 0.1 
Radium 0.46 3 

Actinium 0.2 0.6 
Thorium 0.7 0.04 
Protactinium 0.45 0.45 
Uranium 0.22 0.12 

0.1 

0.05 

0.00035 0.00011 

0.18 
0.3 
0.7 
0.54 
0.15 
0.1b 

0.12 

Notes: (a) 0.23 to cortical bone; 0.23 to trabecular bone 
Sources: Adams (1978), ICRP (1979). 
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Table 10 gives the f rac t ion of the radionucl ide retained by time t in terms of 

the sum of several exponentials. 

Table 10 

Retention of stable elemental form i n source organ 
a 

as a func t ion of t ime 

i1emeit Or-jan *1 ri 
days 

S T2 
days 

A. T3 
days 

\ T4 
days 

A5 T. 
aays 

Lead 3one 0.6 12 0.20 130 0.20 12000 
Rest 0.3 12 0.13 130 0.02 12000 

Sisrouth 0.5 0.5 0.4 

Polonium 1.0 50 

Radium Tr. 3one 0.53 0.023 0.44 3.6 0.0175 300 0.0175 3500 
Cort. 3one 0.52 0.023 0.43 3.6 0.026 1300 0.026 9600 
Rest 0.16 0.05 0.54 1.0 0.11 35 0.046 200 

Ac t i n i urn 1.0 3500 

Thorium Sone 
Rest 

1.0 
1.0 

8000 
700 

Protactinium Sone 
Liver 
Gonads 

1.0 
1.0 
1.0 

100" 
40Y 
i 

Uranlum Sone 0.90 2.0 0.10 5000 
Rest 0.996 6 0.004 1500 

O.009 1400 

Note: (a i The retent ion function R(t) is R ( t ) • 2 1 * j e x P (-0-693 t / T ( ) 

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

Calculation of limits of intake 
1CRP currently distinguishes two broad categories of radiation Induced 

effects, namely: 

malignant and hereditary disease for which the probability of an 
effect occurrinq, rather than Its severity, 1s 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). 
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To meet these basic limits for exposure of workers, the intake of the 

radionuclide in a year must satisfy 

Ti w H 

*-J T 50,T 
< 0.05 Sv 

H < 0.50 Sv 50, T 

where H t n is the total dose equivalent averaged throughout a specific 50, i 
tissue in the 50 years after intake of the radionuclide 

and w is a weighting factor which is the ratio of the stochastic 
risk arising from tissue 1 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 0.30 

Note: (a) W 1s 0.06 for each of the five of the remaining 
organs or tissues receiving the greatest dose 
equivalents. 

< M * M M 
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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 
1 which satisfies 

v 

1 V w (H per unit intake) < 0.05 Sv 
" T 50,T 

and 1 (H50.T Per 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 ALls for the inhalation route assume that the particles 
inhaled are 1 urn diameter. Secondly the ALls are based on the radiological 
risk to the occupational ly 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. 3 DAC(Bq/m ). 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 > 10- 2 / , = 2 x 10"' / , = 5 x 10"' / , = 5 x 10-' / , = 2 x 10-' 
IJoy AL1 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') 
LLI Wall 

2 x 10» 
(2 x 10') 
LLI Wall 

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

DAC — — 1 x 10' 9 x 10* 7 x 10* 
3 " U ALI 8 x 10* 

(1 x 10') 
Bone surf. 

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

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

1 x 10* 3 x 10' 

DAC — — 3 x 10° 6 x 10° 1 x 10-' 
" J 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 10' 

DAC — — 2 x 10' I x 10' 6 x 10"' 
J " U ALI 5 y 10 s 

(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. 

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

3 x 10* 1 x 10' 

DAC — — 2 x 10' 1 x 10' 6 x 10"' 
" 7 U ALI 6 x I0 7 

(7 x 10') 
LLI Wall 

6 x 107 

(7 y 107) 
LLI Wall 

1 x 10* 6 x JO7 6 x 107 

DAC — — 4 x 10* 3 x 10* 2 x 10* 
» ' U ALI 5 x 10' 

(8 x 10») 
Bone surf. 

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

3 x 10* 2 x 10' 

DAC — — 2 x 10' 1 x 10' 7 x 10"' 
"«U ALI 2 x 10" 2 y I09 7 x 10* 6 x JO* 6 x 10* 

DAC — — 3 x 10* 3 x 10* 2 x 10* 
>*°U ALI 5 x 107 5 x I07 1 x 10' 1 x 10' 9 x 107 

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

i 
I 
I, 

t 

Method of mixtures applied to uranium and daughters. 

ICRP2 (19b9, 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 paA, pag, . . . pwA, pw„ . . . jjc/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 R', R"n to a 
given organ * 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 u P"B L 

•+f 
P»-A_ 

MPCV 
4- _ P"B 

(MPC);« 
L'+fr + Ri (I 

This does not exceed L' provided 

fr 
$ 

P«A j _ _ POB__ . . PuA j _ _PuH_ a 

"(MPC;:, ' ( M P C ; ; f l ^ " - + ( M P C ; ; , ' (MPC);,, ' 
R' R' 

C, 1 (23) 

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'/'O.I, i.e. L*(MPC)™-;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 

! * 

PaA , 
(MPC:.7"/- '< MPC 

PeB i i rwA ] 

TM. "r • • • ' iXTar-TTn. "t" (MPC);,-

_ P'JL-
(MPC.J-/ 

RT.B. RT.B. 
+ -*- T - i— < 1 (24) T 0.1 0.1 { ' 

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 done 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 -233 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. 

fc.. - »t 
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T * 6 L C * . *pc l ic fc t ion of th» w t h p c of • t i » tu r» t to occuc»t io. *l W I H W J W p t r n i l n | b | > 

c o h o r t r « t i o n » i n l i t pf M ^ i r i of U and U u n i t in M C U I T >Qui l ib r lu f f 

i 
J 
* Nuclide 

236, aeries 

" 6 u 
2 3 4 T 
236, 
2 3 C j 

226 R 

2 1 0 P 
2 1 °P 
210 o 

Nuclide. ecluble 

Critical 
organ Cl/m 

Nuclides insoluble 

Critical 
organ Ci/m J 

kidney 6 -10 lung 1 -10 
bone 6 -06 lung 3 -0B 
bone 6 -10 lung 1 -10 
bone 2 -12 lung 1 -11 
bone 3 -11 (lung 5 -11) 
kidney 2 -10 lung 2 -10 

epleen/kidney 7 -09 lung 2 -10 
Kidney 1 -06 lung 6 -09 

!)5, 

23b u 
231, 

" 1 l 
277 
227 T 

223, R« 

kidney 6 -10 lung 1 -10 
CI 1 -05 01 6 -06 
bone 1 -12 lung 1 -10 
bone 2 -12 lung 3 -11 
bone 3 -10 lung 2 -10 
bone 2 -09 lung 2 -10 

k* 
(3) U) 

aq. il for bone 1.64 pCi/m for lung 6.S3 pCi/m 

S* 

il 
1 

(1) The procedure for method of mixtures is deecribed in N.T. Panes (Radiation 
Protection) Regulations; application to the calculation of U . ., eaaumea that 
external radiation dose may b« ignored. 

(2) The occupational maxim.nr. permiaaifle concentrations ir, air are taken from 
ICRP Publicetion 2 (1959) end 1CRP Publication 6 (1964). 

(3) 3 23S 235 
u pCi/V la the concentration of U in air, together with u and all 
aQuil , jig 222 

of their deughtere in secular equilibrium (excluding ' Rn end their ehcrt-
liued flaughtere) continuous exposure to which would laed to occupational 
maximum permissible dose 0 to the crlticel orgen. Ratio of activities) 
2 3 5 U / 2 3 6 U , ia .0450 (identicel .00711* by mess), for nuclide k, PI Ci/m 

3 
(»Ci/cm ) is its occupational maximum permissible concentration in air, 
Becoming PI where bona is the critical organ and PI for lunc,. Setting k = i 

236 k 6 23* 
fnr U eariea ens u=j for "Li aeries, 

from, which 

,io-12-Z .0450 equil 
D.10 • 1 2 

10 12 

equil 

1 i : 

P c i A J 

(«) U ,, > 3.4C pCi/m for the kidney ae the crlticel organ witt ell nuclides eoull 
eclutle. 

http://maxim.nr
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CHAPTER 9. ASSESSING RADIOLOGICAL IMPACTS (EXPOSURES AND OOSES) ASSOCIATED 
WITH THE MINING AND MILLING OF RADIOACTIVE ORES 

G. A. Wi1liams 
Australian Radiation Laboratory 

ABSTRACT 

The basic units and concepts applicable to radiological assessment are 
presented. Data relevant to the assessment of radiological exposures from the 
mining and milling phases of uranium and thorium ores are discussed. As a 
guide to the assessment of environmental exposures to members of the public, 
concepts such as the critical group are defined. Environmental transport and 
exposure pathways are presented in general terms, together with a discussion 
of the use of mathematical models. The dose assessment procedures defined in 
the 1987 Code of Practice are described. 

INTRODUCTION 
The mining and milling of radioactive ores result in the release of 

radioactive material into the environment. In the immediate environment of the 
operation, occupational exposures which may be relatively quite large occur 
for a small number of workers, whereas environmental exposures which are 
relatively small can affect a large population over a very large area. The 
assessment of the radiological impact or consequences of the release of 
radioactive materials into air and water, or their disposal in the ground, is 
a quantitative procedure, involving one or more potential pathways between the 
source of released material and the intake by individuals. The ultimate goal 
of radiological assessment is to develop relationships between the source term 
or input of radionuclides to the environment and the resulting health effect 
upon man. 

In the sections that follow, the basic units and concepts applicable to 
radiological assessment are presented. For the assessment of occupational 
exposures, data relevant to the mining and milling phases of uranium and 
thorium ores are discussed. As a guide to the assessment of environmental 
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exposures to members of the public, concepts such as the 'critical group' are 
defined. Environmental transport and exposure pathways are presented in 
general terms, together with a discussion on the use of mathematical models in 
predicting the transport, bioaccumulation and intake by humans of 
radionuclides released to the environment. 

Finally, the dose assessment procedures defined in the new Australian Code 
of Practice on Radiation Protection in the Mining and Milling of Radioactive 
Ores (DASEII 1987) are presented. 

GENERAL BACKGROUND 
Radiation hazards can be classifieo into two types - internal and 

external. External hazards only arise with X-rays, gamma-rays, neutron and 
high-energy beta sources. On the other hand, alpha and low-energy beta 
particle sources can be extremely toxic once inside the body. The three 
pathways for internal uptake of radionuclides are ingestion, inhalation, and 
through cuts and scratches. 

Different organs of the body have different susceptibilities to radiation 
damage. The lens of the eye is very susceptible to the non-stochastic effect 
of opacification, and in terms of the stochastic risk of cancers, the order of 
susceptibility is gonads, breast, red bone marrow, lung, thyroid and bone 
surfaces. 

For any radionuclide entering the body, there will be a critical pathway 
and one or more target organs, and it is these factors, together with the 
chemical state of the radionuclide, which determine the actual biological 
risk. For example, the target organ for iodine is the thyroid, and for the 
1-131 released in the Chernobyl accident the critical pathway is ingestion via 
contaminated food and in particular milk. As another example, we will 
consider plutonium-239, an alpha emitting radionuclide of 24,390 year half 
life. This poses no external risk to the body but is a significant hazard 
when lodged in the target organ, the lung. The critical pathway is clearly 
inhalation. With ingestion, if the plutonium is in the form of the insoluble 
refractory oxide (Pu0_) then it will pass quickly through the body with little 
risk. However, if the plutonium is in a soluble form then the ingestion 
pathway is extremely significant with the target being the bone surfaces. 
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Units and Basic Definitions 

For present purposes, three basic units are important - those of activity, 
absorbed dose and dose equivalent. 

I, 

Activity.- The activity of a radioactive source is the number of 
disintegrations per second. The unit of activity is the becquerel (Bq), where 
1 Bq = 1 s The becquerel replaces the curie, Ci, in the SI system with 
1 Bq = 27 pCi. 

Absorbed Dose.- The absorbed dose is the energy imparted to matter by ionising 
radiation per unit mass of irradiated material. The unit of absorbed dose is 
the gray (Gy), where 1 Gy = I J/kg. The gray replaces the rad in the SI 
system with 1 Gy = 100 rad. 

Dose Equivalent.- The dose equivalent is the product of absorbed dose at the 
point of interest in tissue and the quality factor (QF). The dose equivalent 
enables the dose received by exposed persons to be expressed on a scale common 
to all ionising radiations. The unit of dose equivalent is the sievert (Sv), 
where 1 Sv = 1 J/kg. The sievert replaces the rem in the SI system with 1 Sv 
= 100 rem. 

if 
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Quality Factor.- The quality factor (QF) is a non-dimensional quantity, which 
expresses the relative biological effectiveness of different kinds of ionising 
radiation. For example, QF = 1 for X-rays, gamma-rays and electrons, QF = 10 
for neutrons and protons, and for alpha particles QF = 20. 

Committed Dose Equivalent.- The committed dose equivalent allows for the dose 
to organs which will occur in future years after the intake of radioactivity 
with long retention times. It is the dose equivalent to the body, organ or 
tissue integrated over the fifty year period following a specified intake of 
radioactive material. The unit is the sievert. 

Committed Effective Dose Equivalent.- The committed effective dose equivalent, 
like the committed dose equivalent, allows for the dose to organs which will 
occur in future years after the intake of radioactivity with long retention 
times. It also relates the risks arising from the exposure of single organs 
to uniform whole-body exposures. It 1s defined as the sum for all tissues of 
the product of the mean dose equivalent, H(T) in tissue T, and the weighting 
factor, W(T), which represents the proportion of the stochastic risk resulting 
from irradiation of tissue T to tne total risk when the whole body is 
uniformly irradiated. The unit is the sievert. 
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Effective Dose Equivalent.- The effective dose equivalent relates the risks 
arising from the exposure of single organs by both external and internal 
radiation sources to uniform whole-body exposures, it is the sum for all 
tissues of the products of the mean dose equivalents (summation of the dose 
equivalent arising from external radiation sources and the committed dose 
equivalent from internal sources) to organs and tissues and weighting factors 
specified for the irradiated organs and tissues. The unit is the sievert. 

The appropriate weighting factors [W(T)] for individual organs are taken 
from 1CRP 26 (1977) and given in Table 1. The value of W(T) for the remaining 
tissues is based on the recommendations of the International Commission on 
Radiological Protection that a value of W(T) = 0.06 is applicable to each of 
the five organs or tissues of the remainder receiving the highest dose 
equivalents, and that the exposure of all other remaining tissues can be 
neglected. 

Table 1. Weighting factors for individual organs and tissues 

Tissue, T W(l) 

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

The effective dose equivalent consists of three components, viz.* * 

(a) the effective dose equivalent arising from external exposure; 

(b) the committed effective dose equivalent arising from the intake 
of radioactive materials other than radon daughters; and 

(c) the committed effective dose equivalent arising from the intake 
of radon daughters. 
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In the new Australian Code of Practice on Radiation Protection in the 

Mining and Milling of Radioactive Ores (DASEII 1987), 'radon' means the 
radioactive gases radon-222 and radon-220 (often referred to as thoron). 
'Radon daughters' include the short-lived daughter products of radon-222 
(polonium-218, lead-214, bismuth-214 and polonium-214) and of radon-220 
(lead-212, bismuth-212 and polonium-212). Exposure to radon daughters is 
determined by the product of concentration in air and exposure time. The SI 

3 3 
units are Jh/m , where 1 Jh/m = 285 WLM. One WLM (working level month) 
corresponds to an exposure of 1 WL during the reference working period of one 
month or 170 h. 

The effects of radiation damage to tissue fall into two classes, 
stochastic and non-stochastic. Stochastic effects are those in which the 
probability of an effect occurring, rather than its severity, is a function of 
dose without a threshold. Examples are the induction of cancers and 
hereditary disease. Non-stochastic effects are those in which the severity of 
the effect varies with the dose, and a threshold may therefore exist. An 
example is the induction of opacity in the lens of the eye. 

^ 

• 
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Risks 
Certain external radiation sources can deliver massive doses of radiation 

uniformly to the whole body. Such large doses cause immediate symptons, as 
distinct from long-term cancer production which results from exposure to 
smaller doses. Extremely high doses of whole-body irradiation, for example 10 
Sv or more, are fortunately very difficult to achieve, but will result in 
rapid death due to the destruction of the central nervous system. Somewhat 
lower whole-body doses will destroy the lining of the stomach, again leading 
to a fairly quick and painful death. The LD50 limit, at which 50% of those 
exposed will die within a period of 3 to 6 weeks, is ca. 4 Sv and at this 
exposure level it is the destruction of the body's immune system which 
ultimately results in death due to some secondary infection. Below a 
whole-body dose of 2 Sv, there will be almost no fatalities in the immediate 
future, the risk now being of long-term cancer or leukemia production, or of 
the induction of hereditary effects. 

! * 

The risk to health from exposure to a particular dose-equivalent of 
radiation is naturally dependent on the susceptibi Hty of the organ or part of 
the body being irradiated, for example, tissue such as the thyroid and lung 
are at greater risk of developing tumours as a result of irradiation than are 
skin and muscle tissue. The actual risk factors for various organs are given 
in 1CRP 26 (19//). l-or uniform whole-body exposure, the mortality risk factor 
for radiation-induced cancers is 1/100,000 per mSv. 

>•••,>!•! 
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ASSESSMENT OF OCCUPATIONAL EXPOSURES 

Miners of radioactive ores are exposed to external radiation and to 
airborne radioactivity. Underground uranium miners in particular are at risk 
from the short-lived daughter products of radon in poorly ventilated mines. 
In open cut mines, exposure to radon daughter products is not such a hazard 
and external radiation becomes relatively more significant. Usually, in 
neither case is the inhalation of airborne ore dust a major problem. 
Exposures are generally less significant in the mining of beach sands. 

The milling cf radioactive ores increases the concentration of the 
product, which if handled as a powder (for example, yellowcake in a uranium 
mill) may present a potential airborne dust hazard relatively more significant 
than the ore from which it came. Milling may also concentrate those 
radionuclides which re the major source of external radiation in the ore and 
lead to a greater external radiation hazard. 

Annual Dose Limits 
The annual dose limit (effective dose equivalent) for designated employees 

is 50 mSv, while for non-designated employees it is 5 mSv. The dose equivalent 
to any single organ or tissue (excluding the lens of the eye, for which the 
limit is 150 mSv) must not exceed 500 mSv for designated employees, or 50 mSv 
for non-designated employees. 

Uranium Mining 
External Radiation.- Thomson and Wilson (1980) have reviewed information on 
gamma-ray exposure rates from uranium ore bodies. Their calculations provide 
a figure for the exposure rate above an infinite slab of ore of grade less 
than 10 percent uranium of 6.5 mR/h (ca. 60 yGy/h) per percent uranium. At 
higher ore grades the factor reduces, due to differences in gamma-ray 
absorption and scattering as the effective atomic number of the source 
increases relative to air; at 100% the factor reduces to ca. 3 mR/h per 
percent uranium. The same authors also provide useful information on solid 
angles as a function of source geometry, enabling exposure rates in specific 
situations to be calculated. 

If source geometries, occupancy factors (fractions of total working time 
in contact with ore) and shielding factors (as generated by ore truck bodies, 
etc.) are neglected the above figure suggests that annual exposures, assuming 
2000 working hours per year, might be 120 mGy/y per percent uranium in ore. 
This is equivalent to a whole- body dose equivalent of ca. 120 mSv/y, or more 
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tnan two times the limit of 50 mSv/y. In fact, the effect of the various 
factors neglected above is to cause markedly lower annual doses. Annual dose 
rates for one percent ore, based on experience at Nabarlek, average ca. 1 mSv 
with a maximum of less than 15 mSv/y per percent uranium in ore. 

Inhalation of Airborne Ousts.- Leach, Lokan and Martin (1980) give a summary 
of dust concentration measurements taken during the Nabarlek mining 
operation. Ninety-six percent of measurements in the open-cut were less than 

3 
1.3 alpha Bq/m and 97% taken elsewhere were less than this figure, which is 
used by Leach et al. as the maximum permissible concentration for insoluble 
ore dust, in terms of long-lived alpha activity. Aerodynamic particle size 
distributions were also measured at the edge of the pit. The average 
aerodynamic mass median diameter was ca. 10 + 4 ytn. Less than 20% of material 
with aerodynamic mass median diameters of this order is deposited in the 
pulmonary region of the lung, the critical tissue for most long-lived 
insoluble radionuclides. 

Typical average ore dust loadings in and around an open-cut mine are of 
3 the order of 5% (0.06 alpha Bq/m ) of the above maximum permissible 

concentration per percent uranium in ore. 

Exposure to Radon Daughters.- Parameters which influence the concentration of 
radon daughters in an underground uranium mine include ore grade, absolute and 
relative surface areas of ore and rock exposed, ventilation rate, and the rate 
of emanation of radon from ore and rock surfaces. Other factors which 
influence concentrations are barometric pressure, inflow of radon-rich water 
and location within the mine. It is not surprising, therefore, to find that 
predicting exposures quantitatively is not a ready option. 

Experience indicates that good ventilation and control of access to areas 
of high radon daughter concentrations are required in underground uranium 
mines in order to ensure annual exposures do not exceed the limits set by the 
new Australian Code of Practice (DASEII 1987). 

Radon daughter concentrations in open cut mines are much lower than in 
underground mines and are considered insignificant. At Nabarlek, with an 
average ore grade of 2%, the exposure to radon daughters of employees working 
in the open pit was estimated at ca. 0.1 WLM/year per percent uranium in ore 
(Leach, Lokan and Martin, 1980). This exposure per unit ore grade is several 
thousand times smaller than that for poorly ventilated underground mines. 
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In practice, dose estimation is made fro*., environmental measurements of 

radon daughter concentrations or exposures, i^ich are converted into intake 
and then into effective dose equivalents. Conversion factors to be used for 
the standard assessment of effective dose equivalents for adults are given 
be 1ow. 

I. Beach Sand Mining 
Radiological problems 1n the mining phase of the beach sand industr are 

generally trivial in Australia because of the low concentration of m o n ^ t e 
(typically 0.5%) and the low fraction of thorium in monazite (generally 1 ss 
than 10%). Secondary treatment can produce high grade concentrate containi»;j 
90% monazite. Radiological problems can arise with this material and ar_ 
discussed below. UNSCEAR (1977) data on the natural radiation background 
provide some indication of the possible levels of exposure associated with the 
mining of thorium ores. 

External Radiation.- By use of the UNSCEAR (197/) figure of 2.45 mrad/h per 
pCi thorium-232 per gram soil, and a specific activity of thorium of 0.105 
pCi/g, it is possible to estimate an annual whole-body dose equivalent of ca. 
50 mSv for 2000 hours exposure adjacent to ore of 1% thorium-232. 

3 Airborne Ousts.- By use of the UNSCEAR (1977) figure of 0.1 mg/m for dusts in 
the urban environment as an indicator of average respirable dust levels in 3 mining, average concentrations of the order of 1 pg thorium/m per percent 
thorium in ore may be expected. 

•1 
1 

Exposure to Radon-220 and Daughters.- For open cut mining, annual exposures 
are expected to be less than 1 WLM per percent thorium in ore. 

Uranium Milling 
lhe extraction of uranium from uranium ore produces yellow-cake (U„0o with 

o a 

less than 1% by activity of radium-226 and thorium-230) and tailings, 
containing the remainder of the activity in the uranium decay chain at 
approximately the concentration in the original ore. 

Unlike the mining operation, most stages of milling can be carried out in 
ventilated enclosures of some kind, to ensure that airborne material is 
carried away from operators. The initial crushing of ore releases radon and 
dust, while the final stages of yellow-cake production, drying and calcining, 
release yellow-cake dusts to the atmosphere. All other stages involve wet 

* 
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processes which minimise dust release, although radon release can still 
occur. Exposures to airborne contaminants in a mill depend strongly on the 
adequacy of control procedures and it is, therefore, extremely difficult to 
quantify possible annual doses in a generic way. 

External radiation exposure is generally not significant in the milling 
phase. Gamma-ray dose rates on the surfaces of drums of yellow-cake are of 
the order of 20 to 30 pSv/h and, because of extended source geometry, may be 
ca. 2 pSv/h at a distance of 20 m from a stock-pile of yellow-cake. Beta 
radiation levels are not normally excessive, although surface dose rates for 
exposed yellow-cake are probably of the order of 2 mSv/h. 

K. 
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Thorium Processing 
Holmes and Stewart (1966) measured gamma radiation dose rates and dust 

concentrations in air associated with beach sand mining upgrading processes. 
Gamma ray dose rates were around 50 to 80 nSv/h over unworked beaches and 
tailings, up to 200 nSv/h over ore surfaces and in primary separation plants, 
up to 2 ySv/h over primary concentrates, up to 10 pSv/h over separation 
equipment in secondary concentration plants, up to 80 ySv/h in concentrate 
handling and bagging areas, up to 150 ySv/h over monazite stockpiles and 25 
nSv/h over foundry grade zircon stockpiles. It is apparent that control of 
access is required for some areas. 

Long-lived alpha particle activity in air at various locations in the 
3 plant ranged from 1 to ca. 30 alpha disintegrations per minute per m (0.02 to 

3 3 
0.5 Bq/m ), although at the monazite bagging station a value of 5 Bq/m was 
obtained. 

i 
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Iwo studies of radioactivity levels at a titanium dioxide plant and in the 
environs of the plant found that thorium enters the plant in monazite which is 
present as an impurity (ca. 0.14% by mass) in the ilmenite feed (Cooper, 
btatham and Williams, 1981; Cooper and Williams, 1984). It was established 
that in the presence of high sulphate ion concentrations in both the plant 
feed liquor and the effluent, thorium remains in solution whereas radium, 
which forms an insoluble sulphate compound, tends to coprecipitate and is 
found in solid residues throughout the process. Dose rates at certain stages 
of the plant process were quite significant due to deposited insoluble 
radium-226 and radium-228; for example, discarded filter cloths showed surface 
dose rates (beta plus gamma) up to ca. 50 vSv/h. Thorium-228 is disposed in 
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liquid effluent which leaves the plant and is a potential source of exposure 
to members of the public through its presence in the environment and transfer 
to the food chain. Thorium and radium levels in the titanium dioxide product 
were insignificant. 

I 
I, 

ENVIRONMENTAL EXPOSURES TO MEMBERS OF THE PUBLIC 
Members of the public are protected from the effects of ionising radiation 

arising from mines and processing plants by both preventing the public from 
remaining in supervised areas and by controlling the transfer of radioactive 
materials off site by limiting discharges to the environment. Discharge of 
waste materials is subject to the Code of Practice for the Management of 
Radioactive Wastes from the Mining and Milling of Radioactive Ores (1982) 
(DHAL, 1982). The various Guidelines to the Code should be consulted for 
detailed advice. The transfer of radioactive material off site other than by 
discharge should also be controlled. Any equipment or vehicle that may have 
become contaminated should be inspected and, when appropriate, monitored to 
the satisfaction of the Radiation Safety Officer prior to its removal from the 
mine or processing plant. Before such removal, surfaces should be cleaned so 
that any remaining contamination meets the appropriate limits. 

-J 
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Critical Group 
For purposes of controlling the exposure of members of the public, it is 

necessary to identify the critical group. Under the new Code of Practice on 
Radiation Protection in the Mining and Milling of Radioactive Ores (DASET1 
1987), the critical group is defined as an existing or predicted small group 
of members of the public which comprises individuals who are relatively 
homogeneous with respect to age, diet and those behavioural aspects that 
affect the doses received and who receive the highest radiation dose from the 
operation under consideration. It is important to realise, therefore, that 
the critical group can only te a hypothetical grouping if that group is 
reasonably expected to exist some short time into the future. 

For each operation leading to radiation exposure of members of the public, 
it is usually possible to identify a group of people likely to receive the 
highest doses from that operation. Careful assessment of the radiation 
exposure of this group should then be sufficient to demonstrate compliance 
with the Code. This approach reduces the assessment effort required to a 
manageable size, while giving confidence that the rest of the population will 
receive acceptably small radiation doses from that operation. 

if 
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The critical group should be selected to be representative of those 

individuals in the population expected to receive the highest doses from an 
operation which may cause radiation exposure. Careful consideration should be 
given to the exposure pathways expected. Often one exposure pathway will lead 
to the major portion of a group's exposure, but it is the combined effect of 
all significant pathways that will lead to identification of the critical 
group. It is also possible that different critical groups may need to be 
defined for different exposure pathways, for example when two distinct groups 
receive about the same exposure. In general, however, after summing the dose 
estimates from the various pathways, a single group will become identifiable 
as the critical group. In some cases, it may be necessary to propose a 
hypothetical critical group. Such a group would not exist at the time of the 
investigation or assessment but it could be reasonably expected to exist a 
short time later. For example, a new community might develop near a mine site 
in a bush location because of improved amenities and road access. 

In assessing the doses received by members of the public, it is usually 
sufficient to estimate the average doses received by members of the critical 
group. That is, individual monitoring and assessment is not normally 
required; each member of the critical group is presumed to have received a 
dose equal to the average for the group as a whole. Although the innate 
variability within the critical group will lead to some individuals receiving 
higher doses than others, this is of little significance in the overall 
assessment of exposure of members of the public, provided the critical group 
has been properly identified. It is important that the critical group is not 
made too big by the inclusion of a large number of people expected to receive 
very small doses. The average doses received by members of such an over-large 
group will be substantially lower than those received by the most exposed 
people within it, and could lead to an under-estimate of exposures and risks 
for some individuals. Conversely, if assessments are based on maximising 
assumptions and critical pathways, the doses so estimated are likely to be 
representative of the most exposed people within the group, and treating these 
as average doses could overestimate the group exposure. It is important not 
to seek out the most exposed individual within a critical group and to treat 
the dose received by that person as typical of the group as a whole. Careful 
judgement is thus required in keeping the critical group small while at the 
same time representative of those in the overall population who are most 
exposed. 
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Annual Dose Limits 

The annual dose limit (effective dose equivalent) for members of the 
public is 1 mSv. This applies to the average dose received by a member of a 
critical group. In some circumstances, short-term excursions to 5 mSv in a 
year are permissible, provided that the average annual effective dose 
equivalent over a lifetime does not exceed the principal limit of 1 mSv. 

ENVIRONMENTAL TRANSPORT AND EXPOSURE PATHWAYS 

Mathematical Models 
lhe assessment of the radiological impact or consequences of the release 

of radioactive materials into air and water, or their disposal in the ground, 
is a quantitative procedure. M g . 1 shows the major steps in this assessment 
process and the pathways between the source of released material and the 
intake by individuals. To describe these pathways quantitatively requires the 
use of mathematical models which incorporate the many factors that affect the 
movement of radionuclides from one compartment to another. These models 
predict the transport, bioaccumulation, and intake by humans of radionuclides 
released to the environment. With knowledge of the amounts of radioactive 
material released to the environment and ultimately ingested or inhaled, 
radiation dose may be calculated directly by use of conversion factors that 
relate the quantity of the energy absorbed in human tissues to external or 
internal sources. The ultimate goal of radiological assessment is to develop 
relationships between the source term or input of radionuclides to the 
environment and the resulting health effect upon man. 

A basic tenet for radiation protection of public health is to maintain 
exposures a? low as reasonably achievable (ALARA), taking economic and social 
considerations into account, within the overall constraint of dose limits, 
lhis philosophy requires that models provide reasonable assurance that routine 
exposure of the public will be in accordance with regulatory guidelines, and 
also necessitates the use of models in the development of an optimum 
cost-benefit design for effluent treatment techniques. 
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FIGURt 1. The major steps considered in evaluating the effects of 
radionuclides released to the environment. 

Mathematical models can be used to evaluate (1) proposed discharges of 
radionuclides, (2) the routine operational release of radioactivity, and (3) 
the accidental release of radioactivity to the environment. They also aid in 
the definition ot dominant exposure pathways, key radionuclides in the source 
term, and the critical exposure groups. During periods of actual emissions, 
models are relied upon to guide operation ot effluent treatment systems and 
environmental surveillance, to predict concentrations in the biosphere which 
are below detectable limits, and to convert measured values of radionuclide 
intake and exposure into estimates of radiological dose. 



255 
lhe use of environmental transport models for radionuclides has been 

wideiy accepted with the result that computerised mathematical models (codes) 
have proliferated. Considerable variation exists in sophistication among 
models, the types of parameters needed for the models, and the degree to which 
the models have been validated. 

The application of radionuclide transport models from the point of 
discharge to the environment to the point of intake by humans, called 
radiological assessment, is illustrated in Fig. 1 and begins by defining the 
quantity of radionuclides that are released and enter the environment. 
Uncertainties in the measurements or estimates of the source term are passed 
on to the assessment calculations. Source terms relevant to the mining and 
milling of uranium and thorium ores have been discussed above and in previous 
lectures. Data that are required include the time distribution of release, 
the quantities and species of radionuclides released, and the chemical and 
physical forms of the radionuclides. 

Models are available to describe the transport of radionuclides through 
the atmosphere, surface and groundwaters, deposition in sediments, and 
accumulation in foodstuffs. Uptake of radionuclides by humans is determined 
with usage factors that describe dietary habits, physiological parameters, and 
living customs of the receptors. The final steps in the assessment process 
are the estimation of dose and health effects from exposure to the 
radionuclides. These last two areas are covered in other lectures in this 
series. 

Radionuclides may be released under controlled circumstances, commonly 
referred to as a routine release, in which the point of release, the quantity 
of radionuclides, and the duration of release are predetermined and 
monitored. Most models assume that an equilibrium condition exists between 
the source term and concentrations in model compartments. On the other hand, 
radionuclides may also be released in an uncontrolled situation such as during 
an accident in which a pulse of radioactivity escapes for a brief period. 
Most models deal with routine releases, although there is some application to 
the accident situation. Models usually provide the means for assessing 
exposure to individuals (I.e. critical groups) rather than the collective 
exposure to large populations, i.e. the methods provide assessments applicable 
to critical groups representative of Individuals in a specific location having 
specific dietary habits rather than all persons within a large geographical 
area. The latter would involve summations over large distances and long time 
periods, factors which greatly increase the uncertainty of the assessment. 
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A detailed review of the status of current models of radionuclide 

transport is provided in NCRP 1984. In this review, the limitations and 
uncertainties in the use of the models in meeting current standards are 
presented, along with an in-depth analysis of the data bases accompanying the 
models. Also, where available, the results of model validation experiments 
which compare model predictions with field observations are included. 

Exposure Pathways 
In any given situation one, or at most a few, pathways are the major 

sources of exposure and it is generally appropriate to confine attention to 
the critical pathway. It is necessary, of course, to consider possible 
pathways for each contaminant and also for any daughter products released. In 
the mining and milling of uranium, the major releases to atmosphere are radon 
and its daughter products, ore dusts, yellow-cake or product dusts and 
possibly tailings dusts. The most direct route for exposure is inhalation, 
but there may be intakes by ingestion it foodstuffs become directly or 
indirectly contaminated and there may be external radiation exposure from 
airborne or deposited material. Radionuclides which may be in a very 
insoluble chemical form in the ore may undergo chemical changes during 
treatment which make them far more available for aqueous transport. In 
relation to releases to surface and groundwater the ingestion of radium has 
received the most attention to date in published assessments. The major 
exposure route for releases to the atmosphere in mining and milling of uranium 
ores is clearly due to airborne radon. 

In order to make quantitative assessments of the significance of various 
pathways it is necessary to know such factors as the rates at which 
radioactivity are released to the environment (or, for one-off events, unusual 
in the mining and milling of radioactive ores, the total release); the rates 
of dispersion of released material in the environment so that concentrations 
at various locations can be assessed; the rates of transfer from the 
environment to foodstuffs, animal and vegetable; the rates of consumption of 
various foodstuffs by various members of the community, or, for external 
radiation exposure, times spent in the vicinity of contaminated components and 
the exposure rate per unit of activity in these components. Finally, the 
doses per unit intake, either by ingestion or inhalation, must be determined. 
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Atmospheric Dispersal.- The two major mechanisms of wind and atmospheric 
turbulence determine the atmospheric dispersion of airborne material. The wind 
determines the rate of removal from the point of discharge and the path taken, 
while atmospheric turbulence determines the transverse spread of the material 
about the mean path. Both wind velocity and turbulence can vary over two 
orders of magnitude and as a consequence atmospheric dispersal over short 
periods (hours or less) is strongly dependent on meteorological conditions. 
As the period of observation for averaging is extended the variations become 
less significant, although there will be diurnal variations and possibly 
seasonal variations. 

There are a number of different models for assessing atmospheric transport 
and diffusion (NCRP, 1984). However, the most widely used model of diffusion 
is the continuous point-source Gaussian plume formula: 

x(x,y,z)/Q = (2* a y az u ) " 1 exp(-y 2/2o 2) x 

[exp(-(z - t\e)2/2o2

z) • exp(-(z • h^)2/2a\)] 
where 

3 
x(x,y,z) = steady-state concentration (Bq/m ) at a point (x.y.z), 

Q = continuous release strength (Bq/s), 
u = mean (horizontal) transport wind speed in x direction 

(ra/s), 
a ,a = horizontal and vertical standard deviation of concentration y z distribution (m), and 

h = effective source height (m). 

The double exponential term in z accounts for a conventionally assumed 
'reflection' of the plume by the underlying surface. The dispersion lengths 
a and a are empirically-based functions of downwind distance, x, atmospheric 
stability conditions, source height and surface roughness. The various series 
of diffusion field trials that provide values of a and a were made mostly at 
atomic energy laboratories and field sites during the past 30 years. Values 
of a and a are generally tabulated as a function of distance from the source 
for atmospheric conditions ranging from unstable through neutral to stable. 
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Surface Deposition.- The amount of radionuclide deposition on various kinds of 
vegetation, food crops and other surfaces is taken into account in models by 
defining a 'dry deposition velocity', V(d). The quantity of material 
deposited, D (Bq/m ), is given by 

xV(d) 

where x is the time-integrated concentration of radionuclides (Bq.s/m ) at 
some specified height (usually 1 m) above the surface and V(d) has units m/s. 
A typical value of V(d) is 0.001 m/s. The dry deposition velocity includes 
effects of both atmospheric and surface processes between the reference height 
and the depositional surface. Current models for dry deposition fall short of 
a complete inclusion of all major recognised factors. Wet deposition models 
are also available to model the washout of particles and gasses from the 
atmosphere (NCRP, 1984). 

Surface Water Assessments.- Radionuclides can enter surface waters by 
atmospheric deposition, run-off or soil erosion, or from releases of liquid 
effluents. Current pathway models predict the concentration of radionuclides 
in the water as a result of dilution, dispersion and adsorption on sediments 
as a function of space and time. A number of transport models are available 
(NCRP, 1984). The decision on the degree of complexity necessary depends upon 
the characteristics of the receiving water body, the potential exposure 
pathways, and how accurately the resultant dose needs to be known. In the 
case of internal exposure from drinking water, the rate of intake is derived 
from the calculated concentration in the water and the usage rate. 

Groundwater Assessments.- Groundwater flow is the predominant pathway for 
radionuclides released from controlled solid waste disposal operations on land 
and from some liquid waste disposal operations. Transport of radionuclides 
released to groundwater can be predicted by use of mathematical models that 
account for the chemical form, radioactive half-life and geologic and 
hydrologic parameters of the environment. The ultimate objective of 
groundwater models 1s to predict the quantity per unit time of radionuclides 
released from a source which is subsequently ingested by humans directly 1n 
drinking water or enter the food chain. The time scale over which predictions 
may be made ranges from a few years to thousands of years and beyond. 

V ,* 

Dietary Pathway Usage factors.- Once the concentration of radionuclides in the 
atmosphere, water and food products has been established, the amount taken in 
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by people can be determined by applying usage factors for dietary intake, 
breathing rates, and living habits. Site-specific data for usage factors are 
always preferable to tabulated default values (NCRP, 1984). However, in many 
cases these data are not available or are difficult to obtain. Knowing the 
intake rate of radionuclides per unit time, internal exposure may then be 
calculated by use of dose conversion factors for ingestion and inhalation. 

Some typical average annual dietary usage factors for adults are drinking 
water 3/0 litre; milk 110 litre; fruits, vegetables and grain 190 kg; meat and 
poultry 95 kg; fish 6.9 kg; seafood 1.0 kg. For children, typical annual 
values are drinking water 260 litre; milk 170 litre; fruits, vegetables and 
grain 200 kg; meat and poultry 37 kg; fish 2.2 kg; seafood 0.33 kg (NCRP, 
1984). 

U0SL ASSESSMENT PROCEDURES IN THE. AUSTRALIAN CODL 
Procedures are set out for the determination of annual effective dose 

equivalents in the new Australian Code of Practice on Radiation Protection in 
the Mining and Milling of Radioactive Ores (0ASE11 1987) and in the 
accompanying Guidelines (1987). Compliance with the specified limits is 
considered as having been demonstrated if the doses assessed in accordance 
with the given procedures are below the relevant limits. 

Doses which are not included in assessing compliance with the limits are 
those due to natural background radiation, other than any received as a 
consequence of the operations of the mine or mill, and those received as a 
patient undergoing radiological examinations, radiotherapy or nuclear medicine 
investigations. 

In general, an approximate but straightforward procedure, detailed in the 
Guideline (1987) to the Code of Practice, is used for the initial or standard 
assessment of effective dose equivalent for adults. This approximate 
effective dose equivalent, if below the relevant limit, is normally acceptable 
as the assessed dose. In this procedure, the characteristics of Reference Man 
(1CRP, 1975), working under the same conditions as the Individual of whom the 
assessment 1s made, are used. This allows standard ICRP modelling to be used 
and requires no modification for individual physiological characteristics. 
If, however, the dose so assessed 1s close to or exceeds the limit, 1t must be 
re-evalLated making use of any available radiological ana environmental data 
and Individual characteristics and a specific procedure appropriate to the 
detailed circumstances of the radiation exposure. 
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The assessments of effective dose equivalents received by employees shall 

take into account the results obtained from the approved monitoring program 
and use the data reproduced below in Table 2. The exception is that, with 
approval from the appropriate authority, more appropriate data may be used 
when detailed knowledge of the physical characteristics of the relevant 
environmental parameters and the physiological characteristics of exposed 
individuals is available. 

At an ore site, radionuclides are expected to be present in insoluble 
forms and, therefore, conversion factors for the longest pulmonary retention 
class will be appropriate. If it is known that the chemical form of any of 
the radionuclides present is inconsistent with the assumed class, then a 
correction must be incorporated. Where particle size distributions are not 
known, an activity mean aerodynamic diameter (AMAD) of 1 urn should be 
assumed. It is likely that AMAOs of 5 wm or greater will be found at ore 
sites, and if this can be demcnstrated then the appropriate conversion factors 
may be used. 

The components of effective dose equivalent for an employee are assessed 
as follows: 

(a) the effective dose equivalent from external exposure for a 
monitoring period shall be taken to be numerically equal to 
either the products of the occupancy times and the mean 
absorbed dose rates in those times, integrated over the 
monitoring period, or the dose reported after assessment of 
personal monitors worn throughout that period; 

(b) the committed effective dose equivalent from the intake of 
radioactive materials other than radon daughters for a 
monitoring period shall be taken to be equal to the mean 
contamination levels in the air inhaled or water Ingested, 
multiplied by the factors given in Table 2, Part A for each 
radionuclide or Table 2, Part B for specified mixtures of 
radionuclides inhaled or ingested and by the quantity of air 
inhaled or water ingested 1n each period. A breathing rate 

3 of 1.2 m /h shall be assumed for normal working conditions; 
and 

S 
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(c) the committed effective dose equivalent from the inhalation 

of radon daughters for a monitoring period shall be taken to 
be equal to the mean radon daughter concentration in the air 
inhaled, multiplied by the factors given in Table 2, Part C 
and by the quantity of air inhaled in each period. A breathing 

3 
rate of 1.2 m /h shall be assumed for normal working conditions. 

Ihe assessments of effective dose equivalents received by the critical 
group of members of the public uses the results obtained from monitoring 
together with occupancy, dietary habits and physiological characteristics 
relevant to the group. Data assessment procedures given for employees are to 
be followed in so far as the monitoring program allows, using the 
characteristics of Reference Man. 
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Table 2. Factors to convert intake to effective dose equivalent 

Part A. For individual radionuclides 

2 
Radionuclide Factors (mSv/Bq) 

Uranium series: 

U-238 
U-234 

lh-230 
Ra-226 
Pb-210 
Po-210 

U-235 
Pa-231 
Ac-22/ 

Thorium series: 

Th-232 7.4 x 1 0 - 4 3.1 X 10 _ 1 1.4 X 10" 1 

Ra-228 3.3 x lO" 4 1.1 x 1 0 _ 3 7.1 x 10" 4 

Th-228 1.0 x 10- 4 8.3 x 1 0 _ 2 3.0 x 10~ 2 

Ra-224 8.3 x 10" 5 7.9 x 10" 4 2.9 x 1 0 ' 4 

Ingestion Inhalation 

1 1 am AM AD 5 ym AMAO 

6.3 x io"5 3.2 X 10" 2 1.2 -2 x 10 
7.0 x io"5 3.6 X io- 2 1.3 x 1 0 ' 2 

1.4 x io- 4 7.1 X lo ' 2 3.1 x 10~ 2 

3.1 x io- 4 2.1 X lO- 3 1.0 x ) 0 ' 3 

1.4 x .0-3 3.4 X lO - 3 4.2 x 10" 3 

a.4 x io"4 2.2 X lO - 3 1.4 x 1 0 3 

6.8 x io"5 3.4 X 10" 2 1.2 x 10 ' 2 

2.9 x lO- 3 2.3 X l o " 1 1.1 x 10 ' 

3.8 X I O - 3 3.3 X 10" 1 1.5 x 10~ 

Notes: 

.) Ihe values quoted are applicable to adults. 

2) ihe tabulated values are from 1CRP 30 (19/9), ana for ingestion 
are for t!.-> more solubl. chemical forms, while for inhalation 
they are for tfte longest, pulnonary retention class. 
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Part B. For specified mixtures of radionuclides listed in Part A 

1 2 
Mixture Factors (mSv/a dps) for inhalation 

, _ 
f Uranium dusts: 1 pm AMAD 5 pm AMAO 
i 
* 
« ore dust 4 2.1 x 10" 2 9.1 x l(f 3 

5 -2 -2 
product dust 3.4 x 10 1.2 x 10 

5 -2 -3 
tailings dust 1.7 x 10 8.1 x 10 Thorium dusts: 

lh-232 series only 6.6 x 10~ 2 2.9 x 1 0 _ 2 

-2 -3 
Mixed thorium and 2.1 x 10 x f + 9.1 x 10 x f *-
uranium dust: 6 , 7 6.6 x 10~ 2x (1 - f) 2.9 x 10 _ 2x (1 - f) 

Notes: 
1) For mixtures of radionuclides which do not correspond to these 

specifications, the factors shall be derived by use of values in 
Part A, taking into account the composition of the mixture. 

2) o dps means the expectation value of the number of alpha-particle 
disintegrations per second of the mixture. It is assumed that 
no loss of radon occurs. 

3) It is assumed that 0.72% by mass of natural uranium is U-235. 

* 4) Secular equilibrium is assumed. 

6) Greater than 90% uranium extraction to product is assumed, with 
1 greater than 90% rejection of thorium, radium and daughters to 
J tailings. 

6) Secular equilibrium is assumed for each of the series U-238 and 
rh-232. 

/) f is the traction of the total alpha activity of the mixture 
due to the U-238 and U-235 series. 
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Part C. For radon daughters 

Radionuclides Factors (mSv/J) 

t: 

i i 

Radon-222 daughters 

Radon-220 daughters 

2.5 x 10 

8.3 x 102 
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