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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 
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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. 
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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. 
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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 
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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. 
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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_ 



* . 

Si 

j 1 

112>-

159 

J i_ 
0 1 1 

Photon »nergy/MeV 

X) 

0 1 

Photon energy/MeV 

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 

fr 
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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. 

• 
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