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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. 



J V 

12 

9£iYW-

1 ! 

I C7> 

CM 
E 
u 

U. 
Ld 
O 
O 
Z 
o 
< 

UJ 

.00 

i—r- | 1 | 1 i | — | 1 i i 

.1 I 
ENERGY (MEV) 

1 f 

SI 

£ 
Hgure 1: Dependence of the absorption processes 

in carbon on photon energy 



:V/*L 

13 

100 I I i—r-j 1 1 i i T 1—i—r 

10 

(VJ 
E 
o 

ti 
UJ 
O 
o 
z o 
< 
D 
Id 
H 

< 

.1 

.0 1 

Scatter 

Photoelectric 

.1 I 
ENERGY (MEV) 

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

data, this situation does not prevail. More commonly one has to provide 
shielding 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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DBTANCE FROM SOURCE (CM) R 

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. 

MEAN RANGE,CM OFAF I5C 
0 

o 
U 

z 

a. 

Figure 9. 

MEAN RANGE,CM OF AF I 5 C 

Range of alpha particles in air. 
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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 



24 
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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