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Abstract 

This report describes the testing of CaS0.:Dy in teflon discs as a 
thermoluminescent dosimetry (TLD) material for use as a personal monitor in 
the uranium mining and milling industry in Australia. 

Some studies of the spectroscopic and thermoluminescent properties of 
CaS0.:0y are discussed. Laboratory tests were undertaken to determine the 
following: 

(i) the pre-heat and readout temperatures and times 
(ii) the post readout anneal temperature and time 

(iii) the effect of cooling after anneal 
(iv) the zero exposure readout and the minimium detectable dose 
(v) the reproducibility of the readout 

(vi) the possibility of using the second readout to determine the exposure 
in case of equipment failure 

(vii) fading 
(viii) the TL response as a function of exposure 

(ix) the TL response as a function of photon energy 
(x) the effect of shielding 

(xi) the response to B-radiation 
(xii) the effect of immersion and 

(xiii) the effect of ultra-violet light. 

Measurements were also made in the field of: 
(i) background radiation levels 

(ii) shielding and the dependence of the response of the discs in the 
holder on the angle of incidence of the radiation 

(iii) fading 
(iv) variation of the radiation field with height above the ground. 

It was found that close to the surface of the ore there is a contribution to 
the radiation field which is probably due to e- radiation. 

Exposures measured using TLD, film and spot monitoring were in agreement, 
and these observations, together with- measurements made at various heights 
above the ore stockpile have shown that CaS0.:Dy in teflon discs, shielded 
by 2mm of copper, give a reliable measure of the exposure at the appropriate 
position on the wearer's body. This exposure may then be converted into the 
dose equivalent for the whole body. 
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Chapter 1 - General Overview 

1.1 Introduction 

The development of the uranium mining and milling industry has resulted in 
the exposure of groups of workers to ionizing radiation levels above that 
experienceo by the normal population. The major sources of exposure are from 
radon daughters (a- particle emission) and from external y- radiation. In 
this report we will only be concerned with the measurement of the exposure due 
to external y- radiation. 

The levels of exposure currently acceptable are defined in terms of 
Radiation Protection Standards, as set out in codes of practice prepared for 
the Commonwealth of Australia and the Commonwealth Department of Health. 
(Commonwealth of Australia, 1930; Commonwealth Department of Health, 1975). 
These set a dose equivalent limit to the whole body (i.e. the whole body 
dose) of 0.05 sievert (5 rem) per year or 0.03 sievert (3 rem) per quarter for 
designated employees as a consequence of their employment. For employees 
other than designated employees and for members of the public the annual dose 
equivalent limit to the whole body is 0.005 sievert (0.5 rem). 

The measurements of the amount of radiation received from external y- rays 
are made in terms of the exposure and can be converteo to the absorbed aose by 
multiplying by an appropriate factor. The aose equivalent for a particular 
organ, as required in the Radiation Protection Standards is the product of the 
absorbed dose in that organ, the radiation quality factor ana the absorbed 
dose distribution factor. For X, y ana e radiation, these two factors are 
unity. The calculation of the whole boay aose equivalent is complex, as it 
involves the major organs of the boay with their different depths below the 
skin and their different absorption of radiation (see Young and Wilson, 1981 
in preparation). The units of exposure, absorbed dose and cose equivalent are 
summarized in Table 1.1. 



Table 1.1 
Radiological Quantities and Units 

Quantity S.I. Unit "Old" Unit Conversion factor 

Exposure 

Absorbed dose 

Dose equivalent 

Coulomb per 
kilogram 
(C kg" 1) 
Joule per kilogram 
1 J kg - =1 gray 
(Gy) 
sievert 
(Sv) 

roentgen (R) 

rad 

rem 

lR=2.58xl0"4C kg" 1 

=0.258 mC kg" 1 

=258 yC kg" 1 

1 Gy = 100 rad 

1 Sv = 100 rem 

Notes In the system of units used prior to the introduction of S.I., 
exposure in R was converted to absorbed dose in rad by 
multiplying by the appropriate factors (see I.C.R.U. handbook 
85, N.B.S., 1964). 

2. The dose equivalent in Sv for X, p ond y external radiation is 
numerically equal to the absorbed oose in Gy. 

3. In this report, S.I. units are used with the previous units 
being given in parentheses where appropriate. 

Because of the hostile environmental conditions prevailing in the areas of 
Australia where uranium mining is carried out, there is a need to provide high 
performance devices for the measurement of the external y- ray exposure to 
personnel in the industry. For example daytime shade temperatures in summer 
can regularly reach as high as 50°C, and even in winter the daily maximum may 
exceed 30°C. In some areas, temperatures of above 30°C are combined with high 
humidity, particularly during the wet season. The monitoring device must be 
able to withstand dust and rough handling, as well as such treatments as 
accidental immersion in water. Many users of the personal monitoring system 
will have had little scientific training and may regard the wearing of a 
personal monitor as an inconvenience rather than as a safety precaution. 
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Other considerations include the need to detect exposures as low as 0.3yC 
kg (lmR = 0.258 yC kg" ) and the desirability of having a simple 
processing system which can be automated at all stages. 

The two most common personal monitoring systems are based either on a 
photographic filir where the exposure is evaluated by measuring the density of 
the developed film or on a thermoluminescent material, where the exposure is 
evaluated by measuring the light emitted as the phospher is heated over a 
specified temperature range. Under the environmental conoitions prevailing, 
thermoluminescent dosimetry (TLD) is more suitable than film dosimetry for 
measuring the exposure to personnel. This report describes the development 
and testing of a TLD based monitor for the measurement of the external y-
radiation exposure of personnel in the uranium mining inaustry. These tests 
were carried out at the Australian Radiation Laboratory in Melbourne and in 
the field at Nabarlek in the Northern Territory of Australia. 

1.2 The Choice of a TLD Material 

The three TLD materials most commonly useo are lithium fluoriae doped with 
magnesium and titaniLirt (LiF:Mg,Ti), calcium sulphate ciopea with dysprosium 
(CaSO-rDy) ana calcium fluoride uoped with uysprosium ( U F ^ D y ) . Since 
the latter has the undesirable property of fading rapialy at temperatures 
above about 25°C (see for example Burgkhart et al. (1976), Becker (1973)), the 
choice of material for our particullar application lies between LiF:Mg,Ti and 
CaSG.:Dy. The latter appeared to be the mcsst promising tor the following 
reasons -

(a) CaS0,:Dy has approximately 10 times the sensitivity ot LiF:Mg,Ti 
and should be capable of detecting exposures as low as 0.258 yC 
kg~ (1 mR) as required. 

(b) The processing cycle of CaS0,:Dy is much simpler. For example, 
when impregnated into teflon oiscs (the most convenient form for our 
application) CaS0,:Dy only requires an anneal of ? hours at around 
280°C to erase the residual radiation induced thermoluminescence 
before being re-used. In contrast, LiF:Mg,Ti in teflon discs 
requires 5 hours at 300°C followed by 20 hours at 80°C. 
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The disadvantage of CaSC.rDy, namely that its relative response per unit 
exposure increases rapidly as the photon energy decreases below about 150 keV, 
is not expected to provide a major difficulty, as most of the exposure rate 
from a uranium ore body is due to gamma rays with energies in excess of 150 
keV (Thomson ana Wilson, (1981)). In any event, shielding with a few 
millimeters of a suitable metal can be used to make the response more uniform 
at the lower photon energies. 

It was therefore decided to use CaS0.:Dy as our TLD material, with the 
CaSG.rDy powder being impregnated in teflon discs. For a personal 
monitoring system, the teflon disc form is capable of greater accuracy, 
reliability and consistency than either the powder form of dosemeter or the 
hot-pressed chip or ribbon form. For use as a personal monitor, the disc 
needs to be incorporated into a holaer, somewhat similar in design to that 
required for a conventional film badge. 

1.3 Laboratory and Field Testing Considerations. 

Before the discs can be used in the field with confiaence, the following 
factors need to be considered. 

(a) the times and temperatures for which the oosemeter needs to be heated 
both to obtain a readout and to prepare for re-use 

(b) the minimum detectable exposure 
(c) the variation of the sensitivity of an individual disc or: repeated use 
(d) the response to the total exposure over the range expected 
(e) the response to photons of various energies and the effect of 

shielding on this response 
(f) the response to a ano e radiation 
(g) the fading of the thermoluminescence on use and storage at elevated 

temperatures 
(h) the effect of immersion in water and detergent, such as may occur if 

the disc and its holder are inadvertently put through a washing 
machine 

(i) the effect of light on the response of the discs. 

The experiments described in Section 3 of this report were undertaken to 
evaluate these factors. Some of these experiments requireo an understanding 
of the mechanisms of thermoluminescence in CaS0*:Dy, and experiments aimed 
at elucidating these are described in Section 2. 



Section 4 describes sonic of the measurements ano field tests mace usinc 
the discs and the appropriate holders in order to evaluate the reliability ana 
accuracy of the ARL TLD service. These incluae the following 

(a) a test of the response of the disc in its holder, as distinct from 
the response of the disc in free air. This also includes a 
preliminary study of the angular response of the badge 

(b) measurements of background radiation ieveis at A.R.L. and at various 
sites in the field at Nabarlek 

(c) a comparison of the exposures as recorded by TLD, conventional film 
badge and spot monitoring 

(d) measurements of the effects of shielding and height above the ore 
body on the response of the discs, leading to observations about the 
nature of the radiation field. 

It is concluded that the ARL TLD holder containing only a shielded disc 
ana worn at waist or chest height will give a reliable assessment of the 
exposure at the position where the holder is worn. 
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Chapter 2 - Fundamental Properties of CaSO^iOy in Teflon Discs 

2.1 The Thermoluminescence Process 

A simple model for thermoluminescence (TL) in an insulating crystal is 
shown in Figure 2.1 The energy band structure of an ideal insulating crystal 
consists of an empty conduction band separated by a gap of between 5 and 15 eV 
from the filled valence band. However the introduction of defects, whether 
they be vacancies, interstitials or impurity ions, produces trap levels at 
energies above the valence band but below the conduction band. 

When the material is irradiated, an electron can be raised from the 
valence band to the conduction Dand and then trapped at a defect site, leaving 
a hole centre near the valence band. Alternatively, an electron can be 
excited from a low lying trap level and trapped at another site in the 
material, again leaving behind a hole centre. In both situations some of the 
energy of the radiation is stored in the material when the charge carriers are 
trapped in higher energy states. 

If the material is heated, some of the trapped electrons receive enough 
thermal energy to escape and recombine with a hole. The energy lost by the 
electron on recombination can be emitted as light, giving thermoluminescence. 
Alternatively the holes become mobile on heating and migrate to the 
recombination site. The intensity of the thermoluminescence is given by the 
number of recombination events and has a temperature and time dependence 
related to the depth of the traps below the conduction band for electron traps 
or above the valence band for hole centres. 

Electrons have i significant probability of escaping from their traps at 
temperatures corresponding to thermal activation energies of around 1/30th of 
the trap depth, ie. E/kT - 30 where E is the trap depth and T is the 
temperature, k being Boltzmann's constant. Typical trap depths for 
thermoluminescence at around 500 K (200°C) are of the order of 1.5 eV. 

In general, the time and temperature dependence of ther.noluminescent 
phenomena can be expressed in terms of three linear simultaneous equations, 
which can be solved by numerical methods and the activation energy, or trap 
depth, as well as other parameters can then be evaluated (See for example 
Halperin and Braner (1960) and the reviews' by Chen (1976) and Braunlich and 
Kelly (1977)). 

http://ther.no
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A aore siaple approach, which is a development cf the original discussion 
by Randall and Uilkins (1945) assuaes that the behaviour of the glow curve is 
governed by a kinetic equation of -"general" order, having the form 

I « - ^ = Snbexp (-E/kT) -(1) 

where I is the (TL) intensity, n the concentration carriers in a trap of depth 
E at a temperature T, S i* the pre-exponential factor in units of sec~ 
cm * ' and b is the kinetic order. In general b has no physical 
significance, although for b = 1 and b = 2 a physical interpretation can be 
attempted in terns of first and second order kinetic processes respectively. 
These two cases can be distinguished by drawing the appropriate graphs as 
discussed below. 

(a) b = 1 i.e. first order kinetics. 
The basic assumptions here are (see Randall and Wilkins (1945)} 

(i) Once the electrons have been released from the trap into the 
into the conduction band the probability of retrapping is 
negligible, 

(ii) Transitions between the trapped state tna other trap centres car 
be neglected, 

(iii) The lifetime of the electrons in the conduction Dand anc at the 
recombination centre is short compared wit*i the lifetime in the 
trap, 

(iv) the trapped electrons have a Maxwellian distribution of thermal 
energy, i.e. the probability, P of an electron escaping frcm a 
trap of depth E below the conduction band at a temperature T is 
given by 
P = S' exp [~ /kT] where k is Boltzmann's constant and S' is 
a frequency factor of the order of 10 sec" . S' is 
usually regarded as as a constant, although it may vary with 
temperature (see for example Chen (1969)). 

A convenient method for determining both E and S' in the first order case 
is to observe the time dependence of the thermoluminescence at a constant 
temperature, i.e. the isothermal decay. 



8 
We may then solve the above equations to give 

I(t) = n S' exp (~E/kT) exp [-S't exp (~E/kT)] 

Plotting log I(t) as a function of t will give a straight line of slope 
M = S' exp (-E/kT) so that a plot of loge(M) as a function of _1 will give 
another straight line, gradient -E. ana intercept logeS'. 

k 

Thus if the kinetics of the necay process is of first order, the graph of 
log I as a function of time should be a straight line, enabling kinetics of 
this order to be aistinguished. In practice, this analysis may become 
complicated if there is a distribution of trap depths. (See for example 
Fiorella et al (1976)). 

(b) b = 2 i.e. second order kinetics 

Here it is assumed that retrapping processes can occur and that there are 
equal numbers of retrapping and recombination centres (see Garlick and Gibson 
(1948)). The equation for the isothermal decay then becomes 

I (t) = n 2 s " 
o 

2 
(1 + n 0s"t) 

where s'1 is the pre-exponential factor from equation (1) and n is 
the initial concentration of carriers 

-1/2 A graph of I against t will give a straight line. E cannot be 
determined directly in this case. 

2.2 The Thermoluminescence Process in CaSO^Dy 

Although the properties of CaSCL:Dy related to its use as a radiation 
aosemeter have been studied extensively, its fundamental properties have not 
received as much attention. These properties are discussed as follows 

(i) the temperatures at which the glow peaks occur, these being related 
to the trap depths 

(ii) the emission spectra, which are related to the nature of the 
1i minescent centre 



(iii) the ESR spectra which give (in principle) detailed information on 
the nature of the traps involved 

(iv) studies of the temperature dependence of the isothermal decay of the 
thermoluminescence, which may give information regarding the 
transport processes within the material. 

2:2.1 Determination of the Glow Curve 

—1 22ft Several discs were exposed to 0.258 mCkg (1R) of Ra gamma rays 
and their glow curves were recorded using different temperature rates. The 
temperature of the main glow peak increased with heating rate as shown in 
Table 2.1. At heating rates greater than 10°Cs~ the glow peaks were not 
well resolved. Glow peaks were observed at 130 and 216°C when a heating rate 
of l°Cs _ was used. Figure 2.2 shows the glow curve of a CaS0.:Dy in 
teflon disc at a temperature ramp rate of 3.2°C s~ . 

CaSO.rDy powder given an X-ray exposure of greater than 25.8 C kg" 
(100 kilo rads) showed a glow peak at 390°C. Immediately after exposure 
phosphorescence was observed at room temperature and there were indications of 
a glow peak at approximately 80°C. 

Table 2.1 
Variation of main glow peak temperature with heating rate. 

blow Peak Temperature Heating Rate 
(°c) res- 1) 

273 8.0 
270 5.8 
258 3.3 
246 2.2 
216 1.0 

These observations are in agreement with those of other authors (see, for 
example, Yamashita et al (1971), McDougall and Axt (1973), Shinde and Shastry 
(1979a). 
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The appearance of other peaks at higher temperatures after heavy 
irradiation was also observed by Nambi et al (1974). There appears to be a 
shift in position of the 220"C peak, possibly due to the appearance of a new 
peak at high exposure (see e.g. Srivastava and Supe (1979), Shinde and Shastry 
(19"/9a)). A peak at 30°C was also observed by Nagpal and Pendurkar (1979). 

2:2.2 Emission Spectra 

Preliminary measurements made at room temperature show that emission peaks 
occur at wavelengths of 480, 570, 660 and 750 nm, the first two peaks being 
the most prominent. These measurements confirm those of other authors 
(Nambi et al. (1974), Yamashita et al. (1971)) who found that the emission 
spectra are similar for all glow peaks. The emission spectra are 
characteristic of transitions between the grourrl and excited states of the 
D y 3 + ion (Dieke (1968)). 

2:2.3 ESR Spectra 

Our ESR studies have shown that a number of resonance lines are observed 
in the g=2 region. The spectra may be attributed to radicals such as 
SO4, SO3, SO2 and O3 by comparing the observeo g-values with those 
reported by other authors for radicals in sulphate systems (see eg. Morton et 
al. (1966), Hariharan and Sobhanaari (1969), Gupta et ?1. (1974), Gavrilov and 
Krongauz (1976)). Nambi et al. (1974) have reported superficially similar 
speccra, ard claim a relationship between the disappearance of these signals 
after annealing at a specific temperature and the temperature of the glow 
peaks. However, they do not attempt a detailed correlation. Our preliminary 
studies show a marked temperature dependence of the ESR signals over the range 
170K to 370K, and further studies are in progress. 

2:2.4 Studies of the Kinetics of the Thermoluminescent Process 

Fiorella et al. (1976, 1978) have shown that there is a continuous 
distribution of trap depths in CaSO.iDy, with a main peak at an energy ot 
1.37 eV (corresponding to the 220°C glow peak) and smaller peaks at energies 
of 1.26, 1.51 and 1.62 eV. This analysis was based on the assumption of first 
order kinetics, ie. negligible retrapping, over the temperature range from 
130°C to '{.'tb'C. They showed that the isothermal decay curves could be 
decomposed into a number of exponential aecays, corresponding to the 
thermoluminescent peaks. Their measurements were taken every minute for total 
periods of up to 50 minutes. 
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Our measurements to date have used teflon discs of CaSO.rDy, and have 
involved the continuous recording of the thermoluminescent decay for periods 
of up to 90s at fixed temperatures in the range 90°C to 300°C. The results in 
the form of graphs of log,0I against time are shown in Figure 2.3. These 
results may be interpreted as the sum of two or more exponential decays. Some 
of the decays appear to have half-lives much shorter than those reported by 
Fiorella et al. (1976, 1978) at the same temperatures. Exponential decay 
implies first order kinetics, i.e. negligible retrapping, and to see whether 

-1/2 alternative kinetics are possible, we plotted the variation of (I) ' with 
time, as shown in Figure 2.4. 

We see that at 130°C and 300°C ( I ) " 1 / 2 varies linearly with time for up 
to 40s, implying that the kinetics are of second order. The changes in 
kinetic order with temperature may be explained as follows:-

When the temperacure is below that of the relevant peak of the glow curve, 
the rate limiting step for the majority of decays from traps associated with 
that peak is the thermal acti»:cion from the traps, giving fist order 
kinetics. Thus the thermoluminescent intensity will decay exponentially. 
However, once the temperature is above that of the peak of the glow curve, the 
rate limiting step may be the transport through the conduction band and any 
subsequent retrapping, leading to second order kinetics and a linear 

-1/2 relationship between (I) ' and time. If the temperature is above that of 
1/2 one glow peak but below that of another the graph of (I) against t will 

be linear as long as the predominant contribution to the glow arises from the 
lower temperature peak, but will dev.ate from linearity once the low 
temperature traps are emptied and the predominant contribution arises from the 
higher temperature peak. This discussion can be clarified by referring to 
Figure 2.3 and 2.4, noting that the temperatures of the glow peaKS are at 
around 80°C, 120°C and 220°C. One should also note that the distribution of 
traps is continuous, and the tail of the 220°C peak extends to quite high 
temperatures. 

These observations of isothermal decays where there is competition between 
first and second order kinetics can be used to decide upon the optimum 
temperatures and times for the preheat and readout phases of the readout cycle 
for CaSO.iDy teflon discs, as described below in Section 3.2. 
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2.3 The Mechanism of Thermoluminescence in CaSO/tiDy 

The studies described above and in the literature enable us to propose the 
following mechanism (see also Nambi et al. (1974), Bapat (1977), and Nambi and 
Bapat, (1980). 

Radicals are formed by the incident radiation and the electrons released 
are trapped at the dysprosium ion sites. The reaction is 

Dy J + e — > byL 

Typical radicals formed in sulphate lattices are SO4, SO3, SO2, ano O3, 
and can be regarded as hole traps (Supra et al. (1974), Morton et al. (1966), 
Hariharan and Sobhanadri (1969)). 

When the material is heated, the fact that the emission spectrum is 3+ characteristic of Dy ions implies that the electron-hole recombination 
occurs at the dysprosium ion site. This suggests that the holes become mobile 
and migrate via the valence band to a dysprosium ion site, the reaction being 

* 2+ 
Dy + e — > Dy° — > Dy° + h 

* 
3+ Dy signifies a dysprosium ion in the excited state, from 

which it decays to the ground state by emission of light. 

One may postulate that each of the hole traps contributes only to one of 
the glow peaks, even though the kinetic studies show that the traps are not 
completely indepenoent of each other. Further studies are in progress which 
should lead to a more complete understanding of the mechanism. 
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Chapter 3 - Laboratory Testing of CaS04:Dy Discs 

3.1 Introduction 

This section describes the tests undertaken to establish some of the 
properties of the CaSO.rDy - teflon discs which are relevant to their use in 
the field. Similar studies of a number of these properties have been reported 
previously by other authors, and these are summarized under the appropriate 
section headings. 

Most of the experiments described below were performed using the discs 
obtained from Teledyne Isotopes (USA) which have a diameter of 12.7 mm and a 
thickness of 0.4 mm and contain approximately 30°/o by weight of 
CaS0.:Dy. The dysprosium concentration is in the region of 0.1 mol°/o. 
Some experiments were performed using CaS0.:Dy powder, also obtained from 
Teledyne Isotopes. 

Prior to their first use, the discs were washed in distilled water and 
methanol, dried, and then annealed by heating in an aluminium tray at 277°C 
for 2 hours in a Gallenkamp FR-612 muffle furnace. The annealing tray 
temperature was measured with a copper/copper-constantan thermocouple, using 
an ice-water mixture as reference junction. After annealing the discs were 
shock cooled by placing the tray in the dark on a large copper block. 

Before the discs were used in experiments or in the field, a calibration 
exposure to radiation of known energy was performed to determine the 

137 sensitivity of each disc. The y-ray sources used were Cs (energy 662 
keV), 6 0 C o (1.17 and 1.33 MeV) and 2 2 6 R a . The 2 2 6 R a source was used as 
a standard, to which the other sources were compared. This was done firstly 
because the activity of this source is the most accurately known, and secondly 
because its y-ray spectrum is closest to that of the uranium ore. The Ra 
sources does not give a monoenergetic beam but has an effective energy of 
approximately 790 keV. Most of the calibration exposures were performed using 

137 -1 -1 
the Cs sources, which gave an exposure rate of 78.7 pC kg h at a 
distance of 50 cm in free air allowing an exposure of 0.129 mC kg" (500 mR) 
to be achieved in about 1 /2 hours. 
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A stand was constructed to allow approximately 200 discs to be exposed at 

137 any given time to the Cs source at a distance of 50 cm. (The estimated 
number of discs which can be read out in a 7 hour day using a readout cycle 
lasting around 2 .ninutes is around 200). When placed in this stand there was 
a thickness of 14 mm of perspex between the source and the discs to allow 
electronic equilibrium to be obtained. This reduced the exposure rate at the 
discs to a calculated value of 68.5 yC kg" h (265.5 mRh - ) which can 
be compared with the value of 69.8 yC kg h~ (270. mRh ) measured 
using a NE 2250 secondary standard exposure rate monitor. 

On initial calibration, the sensitivities of the discs varied with a 
standard deviation of 4°/o of the mean. 

The readouts were performed using a commercially available Pitman 654 TLD 
reader. This reaaer heats the disc through a pre-determined heating cycle 
which involves a pre-heat phase and a readout phase. Light emitted by the 
disc during the readout phase is measured with a photomultiplier tube and the 
integrated current is displayed digitally on the front panel of the unit. 
This digital display is referred to as "the readout". The usual procedure for 
CaS0.:Dy - teflon discs is for the disc to be heated from room temperature 
at a rate of 40°C sec" to 135°C (the pre-heat temperature). The disc is 
kept at this temperature for 25 seconds. At the conclusion of the pre-heat 
phase (30 sees in total), the temperature is increased rapidly to the reaaout 
temperature of 270°C and held constant for 25 sees while the light output is 
measured. At the completion of the reaaout phase, the heater is switched off 
and the disc is cooled. The disc can then be removed 30 sees later when its 
temperature is less than 80°C. While the disc is being heated, and until the 
disc temperature drops to below 120°C, dry nitrogen gas is passed over it to 
prevent oxygen from reacting with the disc ana producing chemiluminescence. 

The reader itself has a number of features which should be mentioned. 
Firstly pre-heat and readout temperatures and times can be varied to suit the 
particular phosphor. Secondly, by means of appropriate settings, the 
temperature can be increased continuously at a linear rate which can be varied 
between 40 8C sec" down to less than 1°C sec" . This allows conventional 
glow curves to be recorded using an integrating amplifier and a chart 
recorder, in this case a Kipp and Zonen BD31 flat bed dual pen X-Y chart 
recorder. Glow curves and temperature profiles can also be recorded during 
the readout cycle as shown in Figure 3.1. 
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The sensitivity of the TLD reader can be adjusted over a range from 1.000 
to 99^.9 using a set of thumbwheel switches. These can be set for a given 
dosemeter material for example so that one count is equivalent to 0.258 yC 
kg"1 (1 mR). 

3.2 Determination of the Heating Cycle 

As described above, the readout procedure consists of a pre-heat phase 
lasting 30s during which the disc is heated tc 135°C and a readout phase also 
lasting 30s during which the disc is further heated to 270°C. After the 
readout, the disc is annealed for 2 hours at approximately 280°C before being 
used again. The times and temperatures for pre-heat, readout ana anneal were 
adopted after testing as described below. 

(a) The pre-heat phase. This should be conducted at a temperature above 
that of the low temperature peak and for a time such that most of the low 
temperature traps are emptied and any further contributions to the 
thermoluminescence intensity arise from the high temperature peak only. As 
discussed in Section 2.2, above the temperature of the 120°C glow peak 
approximately secona order kinetics will be followed as long as the major 
contribution to the thermoluminescent intensity arises from its associatec 
traps. Once the high temperature peak traps are the major contributors to the 
thermoluminescence, the intensity will change with time according to first 
order kinetics, i.e. an exponential decay. An examination of the isothermal 
decay curves in the temperature range 120°C to 145°C (Figures 2.3 and 2.4) 
shows that the conditions of a pre-heat to 135"i for a total of 30s will be 
suitable. 

(b) The readout phase. Here we note that the temperature of the glow 
peak involved is around 220°C. The isothermal decay curves suggest that any 
temperature above about 260°L will be capable of emptying the traps associated 
with this peak. As we shall see below, it is not desirable to heat the discs 
to too high a temperature and for this reason the suggested readout 
temperature of 270°C seems suitable. At. 270°l, over 80°/ of the total 

o 

light output is emitted during the first 30s, and it was felt that this was a 
suitable compromise between a more complete readout and an efficient use of 
instrument time. We note that the high temperature traps are not affected by 
short term fading so that the readout should be reproducible even if the traps 
are not complete'y emptied. 
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(c) The post readout anneal. 

(i) Time. Prior to their re-use the discs are annealed for 2h at 
280*C. After an initial exposure of 129 pC kg" 1 (500 mR) this treatment 
reduced the residual thermoluminescence to a level corresponding to an 
exposure of less than 0.258 pC kg (1.0 mR). Shorter times (eg. 1 h) did 
not give reliable results. 

(ii) Temperature. Annealing for two hours at fixed temperatures in 
the range 245°C to 309°C did not affect the subsequent sensitivity of the 
discs in any consistent way. The discs annealed at 309°C were slightly 
deformed and tended to stick to the annealing tray, indicating that they had 
been overheated. 

(iii) Cooling procedure. The effect of the rate at which the discs 
are cooled after annealing for 2h at 277°C on the subsequent disc sensitivity 
was studied. Discs were cooled by the following methods: 

(1) On an aluminium tray placed on a copper block in a dark 
environment. 

(2) On a thin aluminium plate placed on a copper block in a 
dark environment. 

(3) Dropping the discs into liquid nitrogen (-196°C). 
(4) Leaving the aluminium tray on an asbestos table top to cool 

naturally in normal laboratory fluorescent lighting. 
(5) Turning the furnace off and allowing the discs to cool down 

in the dark interior of the oven. 

After the cooling process, the discs were exposed to 129.0 pC kg (500 mR) 
137 of Cs Y-rays and read out in the usual way. The results are shown in 

Table 3.1. 
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Table 3.1 
Effect of Couliny Method on Disc Sensitivity 

Cooling Method Cooling Time Disc Sensitivity Standard Deviation 

(counts/iiC kg ) (counts/nC kg ) 

1 5 mins 62.7 3.06 

2 5 mins 60.7 2.71 

3 1 secona 62.5 2.56 

4 20 mins 62.3 2.83 

5 3 hours 65.6 2.56 

The cooling procedure therefore does not appear to have a significant 
effect, although the discs cooled slowly in the furnace appear to have become 
slightly more sensitive than the others. The cooling procedure adopted in 
practice was the first. 

3.3 Zero exposure response and minimum detectable exposure 

Twenty five discs were annealed for 2 hours at each of five different 
temperatures and read out immediately after cooling. The results are shown in 
Table 3.2, and indicate that the inherent background is equivalent to less 
than a 0.258 yC kg - (1.0 mk) gamma ray exposure for high energy photons. 

Table 3.2 
Effect of annealing temperature on zero exposure readouts 

Annealinr Temperature Inherent Background Standard Deviation 
(°C) UC kg - 1) UC kg" 1) 

256 0.185 0.033 
273 0.171 0.045 
277 0.192 0.052 
285 0.131 0.021 
309 0.196 0.030 
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The minimum detectable exposure is normally defined as the smallest 
exposure that can be measured with confidence above the inherent background. 
For a 95°/o confidence level that an exposure has actually been received, 
the criterion is that the net readout (i.e. the actual readout minus inherent 
background) is be greater than 2 standard deviations of the inherent 
background. Thus a minimum detectable exposure is approximately 0.103 yC 
kg (0.40 mR), if we take the largest standard deviation given in the table 
for the inherent background. 

This figure compares favourably with those given by other authors, e.g. 
Webb et al. (1972) give 0.129 WC kg" 1 (0.50 mR) for three standard 
deviations, although Yamashita et al. (1971) claim the ability to detect 0.052 
wC kg - 1 (0.20 mR) with a standard deviation of + 20°/o. 

3.4 Reproducibility of Readout 

The variation in sensitivity of individual discs on repeated cycles of 
annealing, exposure and readout was studied for up to 15 cycles. It was found 
that the sensitivity of the discs to a given exposure did not vary by more 
than +_ 3°/o from cycle to cycle. Furthermore, this variation was random, so 
that the total variation over 15 cycles was still +_ 3°/o. 

These results are in agreement with those in the literature, as reported 
by Bacci et al. (1980) for a ribbon form of CaS04:Dy dosemeter, Webb et al. 
(1972) for powder and Pradhan et al. (1979a) for discs of 0.8 mm thickness. 
Webb et al. (1972) found no change in sensitivity after 20 cycles, 
Pradhan et al. (1979a) after 11 cycles and also Vohra et al. (1980) found 
little change in TL sensitivity after 15 cycles, although there was also a 
small random variation from cycle. 

3.5 Exposure response 

Figure 3.2 shows that in the range 2.58 pC kg' 1 (10 mR) to 3.052 mC 
kg (11.83 R) the response of the discs is directly proportional to the 
exposure to y-rays from a Ra source. 
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The response to exposures larger than 3.052 mC kg" (11.83 R) was not 
studied, as such large exposures were not expected in our particular 
application. Other workers have however measured the response at high 
exposures. 

Webb et al. (1972) found that the response was linear up to 25.8 mC kg" 
(100 R) and an over-response was obtained for exposures up to 1.29 C kg - . 
Aypar (1978) found linearity up to about 25.8 C kg" 1 (10 5 R) and a 
decrease above this. Shinde and Shastry (1979 b) found that powder samples 

-1 3 gave a linear response up to above 0.258 C kg (10 R). Bacci et al. 
(1980) found an over-response aoove about 2.58 mC kg" (10 R) for CaSO.rDy 
ribbon (TLD 900). McDougall and Axt (1973) found that powder samples gave a 

-1 3 linear response up to 0.516 C kg (2 x 10 R), but over-responded at 
about 0.645 C kg" 1 (2.5 x 10 3 R). Yamashita et al. (1971) found linearity 

-1 3 up to 0.774 C kg (3 x 10 R) and an increase in response above this, 
-1 5 although the output tended towards saturation near 25.8 C kg (10 R). 

3.6 Energy Response 

Two types of experiment can be performed to examine the response of 
CaS0.:Dy teflon discs to photon beams. In the first radioactive sources can 
be used to provide monoenergetic photon beams. The second uses filtered X-rays 
to provide photon beamo which can be characterized by an effective energy. 

Monoenergetic photon beams from Cs and Co sources were used to 
measure the energy response at 662 keV and at around 1.20 MeV. An exposure to 

99m the 140 keV y-rays from Tc was performed with the radioactive liquid 
being contained in a glass vial placed 50 cm from the discs. An exposure to 

241 the 59.5 keV y-rays from Am was performed with the source at a distance 
241 of 1 metre from the discs. The Am source is annular in shape and is 

housed in a 2 mm thick stainless steel container, which absorbs the 
a-particles and neptunium L-shell characteristic X-rays also emitted. The 
response relative to Ra for the monoenergetic beams is given in Table 3.3. 
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Table 3.3 
Relative Response for CaSQ.:Dy in Teflon Discs to Monoenergetic Beams. 

Source Energy Response relative 
to 2 2 6 R a 

2 4 1 A m 5 9 . 5 keV 6^90 
9 9 m T c 140 keV 1.66 
1 3 7 C s 662 keV 1.19 
6 0Co 1.17 MeV 1.06 

1.33 MeV 
2 2 6 R a average energy 790 keV 1.00 

The response to filtered X-rays was measured for both the powder and 
teflon disc forms of CaSO.rDy, and results are given in Tables 3.4 and 3.5 
and plotted graphically in Figure 3.4. The points for monoenergetic photon 
beams using the radioactive sources are also shown. 

Table 3.4 
Relative Response for CaSO.:Dy Powder 

Relative Response 
to R a 2 2 6 (1.00) 

6.08 
6.99 
7.75 
7.90 
8.12 
8.12 
5.34 
3.75 

H.V.L. "Effective" 
(mm) Energy (keV & f 

1.00 Al 21.5 
1.6 Al 26.5 
2.0 Al 29.0 
2.5 Al 31.5 
3.4 Al 37.0 
0.3 Cu 50.5 
1.0 Cu 82.0 
2.4 Cu 102.5 
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These results can be compared with the theoretical values obtaineG by 
Bass's et ai. (19/6/ which show a snuch lower relative response. As pointed out 
by Pradhan et al. (1977) the difference between *ne theoretical ano 
experimental curves arises from the assunption of Bassi et al. (1976) that the 
CaSO-rOy is homogeneously distributee throughout Ihe aisc. It is more 
likely that the CaSO.rDy is dispersea throughout the teflon as relatively 
large grains, with the result that the energy deposited within the grains 
particle is largely due to secondary electrons of internal rather than teflon 
matrix origin. The difference between monoenergetic ana effective energy 
beams may be due to the distribution of photon energy in the latter and the 
rapid variation in the response at these energies. 

Table 3.5 
Relative Response for CaSO.rDy in Teflon Discs 

Half Value Layer "Effective Energy" Response of the Discs 
2 2 6 R a (1.00) 

0.094 mm Al 
0.39 mm Al 
0.9 mm Al 
1.3 mm Al 
1.7 mm Al 
2.5 mm Al 
3.0 mm Al 
4.1 mm Al 
0.3 mm Cu 
8.5 mm Al 
1.0 mm Cu 
2.4 mm Cu 

< k e W Relative to 

10 5.47 
16 7.85 
23 9.88 
25 9.76 
27 10.11 
31 8.45 
33 8.20 
39 7.02 
50.5 6.31 
58 4.76 
82 3.57 
102.5 2.26 

The response of CaS0.:Dy to different photon energies has received 
considerable attention in the literature. All authors have used conventional 
Y-ray sources, e.g. Cs or Co, for the measurements at high photon 
energies, and conv ntional X-ray sources with appropriate filtration at low 
photon energies. Examples of this type of study are to be found in the papers 
by McDougall and Axt (1973), Yamashita et al. (1978) and Aypar (1978), all of 
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whom used powdered CaSO^rDy and Bacci et al. (1980) who used a hot-pressed 
ribbon form. All these authors conclude that the Ti output as a function of 
photon energy is constant down to about 200 keV, but increases by a factor of 
10 or more at energies below lOOkeV. 

Pradhan et al. (1979b) found that the energy response was virtually 
independent of the percentage of CaS0.:Dy in the discs and was similar for 
discs and loose powder. In both cases, it was much higher than calculated by 
Bassi et al. (1979). 

Shinde and Shastry (1979) found that the energy response was also 
dependent upon whether or not the phosphor had been "sensitized" by previously 

1 3 exposing the powder to a dose greater than 0.258 C kg (10 R) and then 
annealing at temperatures between 300°C and 700°C. They found that the 
relative TL response was increased by prior exposure to up to 25.6 C kg -

(10 R) and then annealing at temperatures of 300, 400 and 500°C, but 
decreased tor exposures of 258 C kg" 1 (10 6 R) and 2.58 kC kg - 1 ;i0 7 R) 
when annealed at the same temperatures. An anneal at 700°C was found to 
remove the sensitization effect completely. 

3. 7 Energy Response and Shielding 

The non-uniform energy response of CaS0.:Dy teflon discs below about 150 
keV can be reduced by suitable filtration. The effect of placing a metal 
filter between the radiation source ana the disc can be both to make the 
relative TL response more nearly uniform below 150 keV and to attenuate almost 
completely all photons below a certain energy. 

To determine the thickness and type of metal which could be used, 
calculations were made of the transmission through 1, 2 and 3 mm of copper 
lead, tin and aluminium of photons of energy 10 to 100 keV. These 
transmission curves and the relative response curves of the CaS0,:Dy discs 
tro effective energy X-rays determined above (section 3.5) were multiplied to 
give the energy response curve of a shielded disc. Figure 3.5 shows that an 
approximately uniform energy response should be obtained for the photon 
energies encountered in a uranium mine when the discs are shielded in all 
directions by 2 mm of copper. It should be recalled that over 95°/o of all 
Y-rays emitted by a uranium ore body have energies greater than 100 keV. 
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Two experiments were conducted in the laboratory using a piece of uranium 
ore from Nabarlek. 

(i) The ore was positioned 10 cm from both unshielded discs and discs 
placed directly behind various thicknesses of copper. Hot pressed 
chips LiFrMg.Ti were also placed 10 cm from the ore ana shielded in 
the same way. The results are shown in Table 3.6. 

Table 3.6 
Effect of Shielding: 10cm. from Ore 

Thickness Mean readouts, CaS0.:Dy Mean readouts, LiF:Mg,Ti 
of Copper discs, (counts) chips (counts x 

sensitivity factor) 

No shielding 1753 + 56 1130 + 32 
1 mm 304 + 29 261 + 31 
2 mm 295 + 21 277 + 14 
3 mm 335 + 14 275 + 15 

The readouts for LiF:Mg,Ti have been multiplied by the appropriate factor 
to take into account the difference in sensitivity to high energy r-rays of 
these and the CaS0.:Dy discs. Care needs to be taken in comparing the 
results, since small differences in distance and variations in sensitivity 
between individual discs and chips were not taken into account. 

The results indicate that shielding the discs with 2 mm of copper gives a 
response to the y-ray energy distribution from uranium ore which can be 
compared with the response of the LiF:Mg,Ti chips. The radiation giving the 
over response is completely attenuated by 1 mm or more of copper. 

(ii) A similar experiment was performed at a distance of 20 cm, using 
discs and chips shielded on both sides as indicated in Table 3.7. 
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Table 3.7 
Effect of Shielding 20cm from Ore. 

Material arid thickness CaSO.rDy discs LiF:Mg, Ti chips 
Mean readout Mean readout (counts 
(counts) x sensitivity factor) 

No shielding 334 ^ 6 192 + 6 
1 mm aluminium 156 +_ 6 106 _+_ 7 
2 mm aluminium 93 ^ 3 76 ^ 6 
2 mm copper 7 4 + 2 6 1 + 7 

These results show that the less penetrating component of the radiation is 
almost completely attenuated by 2 mm aluminium and that 2 mm copper allows a 
comparison of CaSO.rDy discs with the LiF:Mg,Ti chips. The latter are known 
to give a nearly tissue equivalent response even at y-ray energies below 150 
keV (see for example Becker (1973)). 

Comparing the results for unshielded discs and chips, and discs and chips 
shielded by 2mm copper at 20 cm and 10 cm distance from the ore indicates also 
that a component of the radiation flux is considerably attenuated by even an 
extra 10 cm of air. This result is confirmed by measurements made in the 
field (see Section 4.8). 

Some similar experiments were performed in the field at Nabarlek, using a 
tank containing 2.5°/o average ore grade. This tank had a diameter of 5.9 
metres, a height of 2.5 metres and was constructed of galvanized iron 
approximately 3 mm thick, (see also Section 4.8) 

Discs were placed between copper sheets of various thicknesses and located 
on the side of the tank and at a distance of approximately 2m above the 
surface. The results are shown in Table 3.8. 
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Table 3.8 
Effect of Shielding 2m from Ore. 

Thickness of copper Mean readout, discs Mean readout, discs 
placed above ore tank placed on side of 

ore tank 

no shielding 841 + 52 1656 + 166 
0.8 mm 768 + 21 1554 + 49 
2.0 mm 740 + 45 1582 + 237 
3.0 mm 760 + 14 1490 + 95 

The errors here are one standard deviation. 

Most of the lower energy y-radiation will be strongly attenuated by the 
iron of the tank wall, and the additional thicknesses of copper are not 
expected to have a large effect. For the discs placed above the ore tank, the 
copper does appear to have a larger effect, but thicknesses greater than 0.8mm. 
do not seem to have a major influence on the results. It should be noted here 
(see Sections 4.8 and 4.9 for more detail) that the less penetrating 
components of the radiation are strongly attenuated by 2m of air, in contrast 
to the situation at the 10cm and 20cm distances used in the laboratory 
experiments. 

We may conclude that shielding of the discs by approximately 2mm of copper 
should be sufficient to attenuate the lower energy y-rays so that an 
approximately uniform TLD response is obtained down around 60 keV. As a 
result, the response of the discs is approximately tissue equivalent for the 
y-radiation field encountered in a uranium mine. 

3.8 Response to e-radiation 

A preliminary study of the response of the discs to p-radiation was 
90 90 performed using an N.P.L. secondary standard Sr - Y e calibrator. 

This source emits a continuous spectrum with a maximum energy of 2.25 MeV and 
a mean energy of 0.93 MeV. 
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The CaSO.:Dy discs were placed in paper envelopes and given an absorbed 
dose of approximately 8.6 mGy (860 millirad). Using the standard settings of 
the Pitman TLD reader as used for y-ray dosimetry measurements, the 
calibration factor was 1.38 counts per micro Gray ((13.8 counts per millirad), 
which may be compared with the calibration factor used for -r-rays of 1.47 
counts per micro Gray (14.7 counts per millirad). 

This result is consistent with those reported in the literature. Pradhan 
and Bhatt (1977), found that the response to e-radiation above 2MeV energy was 
similar to that for high energy >-rays. (see also Jain (1978)). Below 2 MeV 
energies the response to e radiation decreased, and at 0.5 MeV was only 
25°/o of the response at 2MeV. This situation may be contrasted with that 
for 7-rays. Pradhan and Bhatt (1977) also found that the addition of graphite 
to the discs resulted in a lesser energy dependence of the TL response. For 
example, discs containing 10°/o graphite showed a response at 0.5MeV of 
90°/o of that at 2.0 MeV. The shape of the glow curve remained essentially 
unchanged on addition of graphite, although the peaks appeared to sharpen and 
shift to lower temperatures with increasing graphite concentration. 

More recent studies by Lakshmanan et al. (1980) describe the development 
of thin (i.e. 0.1 and 0.2mm thickness) CaS0.:Dy in teflon dosemeters. These 
thin dosemeters were bonded to a teflon base for e dosimetry. The thin 
dosemeters gave an energy independent TL response to e-radiation from 2.25 MeV 
down to 0.76 MeV, and even at a e-energy of 0.2 MeV, the response was still 
50°/o of that at higher energies. 

3.9 Fading characteristics 

To determine the decrease in readout with storage at various fixed 
temperatures, three batches of discs were exposed to 129.0 pC kg" (500 mR) 
and stored in a dark environment at 22°C, 50°C and 77°C respectively. Samples 
of discs were then removed ana read out at fixed time intervals using the 
readout cycle described in Section 3.2. The results are shown in Figure 3.5. 
The glow curves showed that the low temperature peak faded more rapidly than 
the high temperature peak used in dosimetry measurements. The actual 
readouts, which essentially are a measure of the number of filled traps 
associated with the high temperature peak, decreased at 22°C (room 
temperature) by 5.5°/o in the first 3 days, and a total 7.6°/o in the 
first 7 days after exposure, but showed little further fading thereafter, even 
after 3 months. 
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On storage at 50°C, the readout decreased by 8°/o in the first 3 days 
and by a total of approximately 10°/o over the first 14 days after 
exposure. At 77°C, the readout decreased by 20°/o in the first day and a 
total of 40°/o over the first 6 days. 

Reports in the literature (see for example Becker (1973)) indicate that 
CaS0.:Dy fades less than other thermoluminescent dosemeters. However, the 
published results are confusing, as many authors use different readout 
procedures (see for example McDougall and Axt (1973), Yamashita et al. (1971), 
Webb et al. (1972) and Aypar (1978). The most comprehensive work to date 
seems to be that by Burgkhardt et al. (1976) who studied the fading of 
CaSO.rDy teflon discs at various temperatures and humidities. Their discs 
were also obtained from Teledyne Isotopes, and could be expected to have 
similar behaviour to ours. Burgkhardt et al. (1976) used a post irradiation 
anneal of 10 min. at 100°C and performed the read-outs over a 45s period with 
a maximum temperature of 270°C. They found that at temperatures of 50°C and 
up to 50°/o relative humidity, the fading was no more than 10°/o in the 
first 10 days, after which there was no further discernible fading up to a 
total of 50 days. At 25°C and 97°/o humidity there was only 6°/o fading 
in the first 10 days, with no further fading thereafter. Temperatures higher 
than 50°C resulted in rather more fading; for example at 70°C, there was 
2C /o fading in the first 10 days, but only another 5°/o in the next 40 
days. At 100°C, the readouts dropped to 40°/o of their original value 
after 10 days (i.e. 60°/o fading) but only another 10°/o over the next 40 
days. The authors also performed similar experiments on other 
thermoluminescent dosemeter materials, and concluded that CaSC' :Dy showed 
less fading than did the other dosemeters- Our results are in agreement with 
those of Burgkhart et al. (1976). 

3.10 Effects of Liquids and Solutions, on the Discs 

Because of the possibility of accidental immersion in tne field, a number 
of discs, previously calibrated with an exposure of 129 vC kg~ (500 mR) to 
137 -1 137 

Cs, were annealed, exposed to 129 uC kg of Cs y~rays and 
immersed in the following for various periods in the dark. 

(i) tap water 
(ii) methanol 
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(iii) an undiluted commercial detergent ("DECON 90") 
(iv) sodium chloride solution 
(v) copper sulphate solution 
(vi) ferrous sulphate solution 
(vii) aqueous acetic acid 

Following immersion, the discs were dried in air in the dark and read 
out. These readouts are shown in Table 3.9, and are given relative to the 
readout resulting from the calibration exposure. 

In nearly all cases, a decreased readout resulted. It should be 
remembered that a decreased readout of about 7°/o is expected over the first 
7 day period due to fading (see Section 3.9). 

To determine whether the immersion had a permanent effect on the 
sensitivity of the discs, they were annealed again and re-exposed to 129 pC 

-1 137 kg of Cs Y-rays as before. The resultant readouts, taken immediately 
after exposure so as to eliminate fading, are shown in Table 3.9, again 
expressed in terms of the readout resulting from initial calibration 
exposure. The errors in the relative readouts in Table 3.9 are less than 
10°/o (1 standard deviation). 

We may conclude the following from the results 
(1) Prdlonged immersion (days) is required to affect the readouts. 
(2) The most serious effects of immersion are found for the electrolyte 

solutions and for the detergent. It was also noticed that discs 
immersed in copper or ferrous sulphate, or in Decon 90, were 
discoloured after immersion, and this discolouration could not be 
removed by rinsing for a few minutes in tap weter and methanol. 

(3) The discs most seriously affected by the immersion did not recover on 
annealing and recalibration. 
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Table 3.9 
Effect of Immersion in Liquids and Solutions. 

Solution Time of Relative Relative 
Immersion readout after re adout on 

Immersion re -calibration 

3 days 1.0 0.97 
7 days 0.85 0.90 
7 days 0.99 1.05 
7 days 0.84 0.44 
7 days 0.89 0.97 
7 days 0./9 0.86 

Tap water 3 days 
7 days 

Methanol 7 days 
"Decon 90" 7 days 
Acetic acid 7 days 
Sodium chloride 7 days 
solution 
Ferrous sulphate 7 days 
solution 

Copper sulphate 4 /2 hours 
solution 

3 a ays 
7 days 

0.65 

1.0 

0.94 
0.85 

0.66 

1.0 

0.90 
0.79 

It is possible that the detergent molecules and the copper or ferrous ions 
penetrate deeply into the discs and quench the thermoluminescence. 

0 1 1 
J. 11 Behaviour of the 2nd readout 

In contrast to film badge where the developed film can be stored as a 
permanent record a thermoluminescent dosimetry service suffers from the 
disadvantage that most of the stored information is lost during readout. A 
number of discs (over 100) were therefore subjected to a second readout cycle 
to see whether there was any relationship between the second readout and the 
first. The second readout was found to be 4.8 ̂  1.0°/o of the first over 
the dose range 1.29 pC kg" 1 (5 mR) to 1.29 mC kg - 1 (5 R). Hence it is 
possible to use the 2nd readout to provide an estimate of the exposure in the 
event of equipment failure or as a confirmation of the 1st readout. 
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3.12 Effect of light on discs 

Our initial observations suggested that both sunlight and room fluorescent 
lighting may induce fading in previously exposed discs and may aTso induce a 
response in freshly annealed discs. In an attempt to obtain more quantitative 
information, preliminary experiments were carried out on the effect of 
exposure to light from a 200 watt mercury-xenon arc lamp on both exposed and 
unexposed discs. The appropriate wavelength range was selected with a Spex 
1670 Minimate 0.25 m monochromator, with a grating blazed at 300 nm. The 
effects of radiation below a wavelength of around 350 nm are complex, as shown 
by the following typical observations: 

(i) Discs which have been innealed for 2 h at 280°C (the usual treatment 
before use) show an increasing TL response as the wavelength is 
reduced below 230 nm. At 200 nm, exposure for 1 h at a distance of 
approximately 5 cm from the exit slit of the monochromator gave a 
readout corresponding to around 38.70 pC kg" (150 mR). 

(ii) Discs which have been irradiated with 129.0 wC kg - 1 (500 mR) of 
137 

Cs y rays show an increase in TL response on exposure to light 
of 200 nm. After 1 h exposure to light of 200 nm wavelengths at a 
distance of 5 cm from the exit slit of the monochromator, the discs 
showed an increase in respcnse corresponding to around 129.0 pC 
kg - 1 (500 mR). 

(iii) Discs which have been irradiated with 129.0 MC kg - 1 (500 mR) of 
137 

Cs y rays show a decrease in TL response on exposure to light of 
250 to 440 nm. After 1 h exposure to light of 300 nm at a distance 
of approximately 5 cm from the exit slit of the monochromator, the 
readout of the discs had decreased by an amount corresponding to 
38.70 pC kg" 1 (150 mR). 

Similar observations to those noted above have been made by a number of other 
workers. 

Induced TL response of CaS0.:Dy powder due to UV light has been observed 
by Chandra et al. (1976), Nagpal and Pendurkar (1979), McDougall and Axt 
(1973) and Webb et al. (1972). Fluorescent lighting and sunlight have also 
been found to induce a TL response (Webb et al. (1972), Aypar (1978), 
Yamashita et al. (1971)). Fading of exposed CaS0,:Dy powder under room 
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light and sunlight was noted by Yamashita et al. (1971). However, Caldas and 
Mayhugh (1976) observed the re-appearance of the low temperature glow peaks in 
powders qiven a high exposure, annealed at 280°C and then illuminated with 250 
nm light. Similar observations have been made by Nambi and Higashimura (1970) 
and Pradhan and Ayyangar (1977). 

Differences in the behaviour of CaS0.:Dy powders to UV and y-rays led 
Shastry and Kher (1979), Pradhan et al. (1979b), and Lakshmaran and Bhatt 
(1979) to conclude that different traps were involved, although no new glow 
peaks were found. 

At this stage there is no detailed description available of the behaviour 
of the various traps and their interaction with each other under UV and X - or 
Y-irradiation. One may propose that although the band gap of CaS0»:Dy is 
considerably larger than the photon energy of the UV light from the lamp, the 
photon energy is large enough to cause a re-population of some of the traps 
responsible for the thermoluminescence. It is quite clear that the traps are 
not completely independent of each other, and that retrapping can occur under 
the influence of UV light. 

The results described above show that care needs to be taken to avoid 
unneccessary exposure to light. Prolonged storage should always be in the 
dark, and the holder needs to be light tight and the plastic opaque. 

3.13 Summary of areas not covered by our work 

The following areas are of interest to the performance of CaS0.:Dy in 
teflon as a dosemeter but have not been covered in our work. 

210 Lakshmanan and Ayyangar (1976), using thin samples and Po a-particles 
found that these produced only the glow peak at 210°C, a result confirmed by 
Shinde and Shastry (1979a). Neither paper reports the presence of any low 
temperature peaks. Shinde and Shastry (1979a) also reported that the TL 
response to o particles decreased with increasing grain size whereas the 
response to y radiation increased and proposed that the a-particles interact 
mainly with traps near the surface of the grains. These authors also made the 
statement "that due to the localized a-oarticle interaction, there is a 
preferential filling of the high density shallow traps and insignificant 
filling of low density high temperature traps". There seems to be no 
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justification for this statement. Both Lakshmanan and Ayyangar (1976) and 
Shinde and Shastry (1979a) showed that the dose response to o-particles is 
linear up to the equivalent of 2.58 C kg (10 R) of ^-rays. This 
contrasts with the response to photons which appears to be non-linear above 
0.258 C kg" 1 (10 3 R). 

Yamashita et al. (1971), Weng and Chen (1974) and Mayhugh and Watanabe 
(1974) have studied the TL induced in CaS0.:Dy by neutron irradiation. 
Mayhugh and Watanabe (1974) found that the TL response was due to the 
activation of the S and Dy nuclei in the phosphor, giving self 
irradiation. 
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Chapter 4 - Field Testing of CaS0„:Dy Discs 

4.1 Introduction 

Specific designs of a TLD disc holder have been described by Casbolt et 
al. (1973) for a system using LiF:Mg,Ti in teflon discs and by Vohra et al. 
(1980) for a system using CaS0,:Dy in teflon discs. The latter system is 
similar to that developed in this Laboratory. 

The studies described in Chapter 3 of this report showed that CaS04:Dy 
teflon discs would be a suitable material for TLD monitoring in a uranium mine 
and should give reliable results under the environmental conditions expected 
in Northern Australia. From the calculations and experimental results 
described in Sections 3.6 and 3.7 it can be seen that a disc shielded in all 
directions by 2 mm copper should give an approximately tissue equivalent 
response to the spectrum of ^-radiation emanating from a uranium ore body. If 
it is desired to measure the amount of less penetrating radiation (e.g. 
6-radiation or Y~ r ays of energy below 60 keV), an additional disc, shielded 
from the environment only by the plastic material of the holder, could be 
incorporated. The results described in Sections 3.10 and 3.12 indicate that 
some precautions are needed to guard against unnecessary exposure of the discs 
to light and accidental immersion, and that the design of the holder needs to 
take these factors into account. With these factors in mind, the A.R.L. TLD 
disc holder was designed by Dr L J Martin, and 2000 of these were manufactured 
in mid 1979 for use in the field. 

The following sections detail the experiments undertaken by the authors in 
order firstly to enable the TLD service to provide an assessment of the 
personnel exposure to external y-radiation of the mine employees during the 
first 6 months of operation at Nabarlek (including the actual mining period) 
and secondly to assess the reliability and accuracy of the TLD measurements. 
A by-product of these experiments was the observation of a non-penetrating 
component of the radiation field, most probably due to e-radiation. 

Full details of the exposures received and of the operation of the TLD 
service itself are given elsewhere (Leach et al. 1980). 



34 
4.2 Calibration of the Discs 

226 The absolute calibration of the discs was carried out using a Ra 
source. This is encapsulated in 1.0 mm platinum and is also shielded from the 
target by 1.5 cm of perspex in order to produce electronic equilibrium. Under 
these circumstances a target placed 20 cm from the source receives an exposure 
of 25.8 yC kg" 1 (100 mR) in 32 minutes 27.5 seconds. 

A randomly selected sample of 17 discs was exposed to 129 uC kg" (500 
mR) of y-rays from the Ra source at a distance of 20 cm and with the 
chosen setting of the Pitman TLD reader, gave a calibration factor such that 
the readout could be converted to exposure in pC kg - by dividing by 
57.0 + 2.3. (This gives a conversion from readout to exposure in milli 
Roertgen of 14.7 ± 0.6). Routine checks of the sensitivity of the discs were 

137 performed using a Cs source as described in Section 3.1. 

4.3 The Effect of the A.R.L. Disc Holder 

The calibration factor used for exposure determinations is not the same 
for discs contained in the A.R.L. TLD holder as for discs exposed directly in 
air. To estimate the effect of the holder exposures were performed using a 
137 

Cs sources with radiation incident perpendicular to the plane of the 
discs. 

137 An exposure was also performed using the Cs source with discs placed 
with their surface parallel to the direction of the incident radiation. These 
results are shown in Table 4.1. 

Table 4.1 
Angular Dependence of the A.R.L. TLD Holder. 

Angle of Unshielded Disc shielded Unshielded Shielded disc 
incidence of disc by 2 mm copper disc in in holder 
radiation on (outside (outside holder 
plane of disc holder) holder) 

perpendicular 1.00 0.91 0.92 0.84 
parallel 0.84* - 0.83 0.80 

* [This result was obtained during a different exposure to that used to 
obtain the other results, and should be regarded with caution.] 
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These results show that the response of the discs is reduced by the holder 
and the copper shielding. Whilst the unshielded discs, both in air and in tre 
holder, show a dependence of therffioluBiiriescent response on the angle of 
incidence of the radiation on the discs, the shielded discs does not appear to 
show as great an angular dependence. 

These results are consistent with the observations of Vohra et al. ,19605. 

Both the photon energy dependence and the angular dependence of the 
response of the shielded and unshielded discs need to be investigated further. 

4.4 Conversion of Readout to Exposure 

The "exposure" received by the radiation worker is defined as the 
occupational exposure, i.e. the exposure, over and above natural background, 
received as a result of the worker's occupation. 

The exposure received by a disc includes not only the occupational 
exposure but also the zero exposure readout (inherent background, see Seccior 
3.3) and tre exposure due to background. The background exposure ir. this case 
is composed of the following: 

(a) the background exposure received at A.R.L. since the disc was last 
annealed prior to being sent to Nabariek and on its return from 
Nabarlek prior to processing, 

(b) the exposure received during transit, 
(c) the background exposure received at Nabarlek before the disc holder 

is issued and after its collection prior to return to ARL for 
processing. At Nabarlek the discs holders were stored for this 
period at the "Site Office" of the Radiation Protection Officer for 
Queensland Mines Limited, 

(d) the background exposure received while the worker is off duty. At 
Nabarlek this was regarded as being for 98 hours in a 168 hours 
week. During this period the disc holders were stored in the 
"Decontamination Room" at the entrance to the mining area. 

These backgrounds must be measured and subtracted from the total exposure 
of the discs to give the occupational exposure to the disc. 
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It should be noted that this only gives a measure of the occupational 
exposure to the disc at the position at which the holder is worn. The 
calculation of the whole body dose and of doses to the various organs of the 
body is complex and needs to take account of the following factors: 

(a) the variation of the radiation field with height above the ore body, 
(b) the angular dependence of the response of the disc in the holder and 

the effect of the copper shielding, 
(c) the effects of backscatter from the wearer's body. 

Experiments have been performed at A.R.L. to evaluate these factors and 
will be reported elsewhere (J. G. Young and 0. Wilson (1981) in preparation). 

4.5 Background measurements 

Background exposure rates at Nabarlek were regularly monitored by the 
radiation protection staff of Queensland Mines Ltd. and by A.R.L. staff. The 
latter used a Studsvik 2414A portable scintillation detector, which has a 7.5 
x 15.0 cm polyvinyltoluene detector and is suitable for measuring the exposure 
due to photons of energy 50 keV to 40 MeV at rates as low as 0.258 nC kg 
h (1 pR h~ ). The monitor was calibrated at A.R.L. against a standard 

Ra source. 

The accumulated background radiation levels were measured using CaS0.:Dy 
in teflon discs incorporated in the appropriate holder. These levels were 
measured over periods of one to four weeks and give a total exposure over 
similar periods to that of the personal exposure assessment. Two sets of 
discs were used in each case, the first to determine the background radiation 
levels at Nabarlek and the second to serve as controls by remaining at A.R.L. 
The results are given in Table 4.2. The figure for the background at A.R.L. 
given here is that for the longest period for whKh control discs were stored 
at A.R.L. and is considered to be the most reliaol^ ^gure. Shorter periods 
of storage at A.R.L. gave similar results. 

No increase in background above that of the controls could be measured for 
discs which spent only a matter of hours at Nabarlek. We conclude that the 
additional exposures due to increased radiation during the flight from 
Melbourne to Nabarlek via Darwin could be neglected. 
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Table 4.2 
Background Measurements at Nabarlek. 

Exposure Rate 
Period Number of Days (uC kg" /week) Location 

25/5 to 30/10 158 0.36 + 0.03 ARL (Melbourne) 

2/7 - 30/7 28 0.41 + 0.05 Living quarters 

26/7 - 5/8 10 0.46 + 0.05 Living quarters 

7/8 - 3/9 28 0.39 + 0.05 Living quarters 

2/10 - 9/10 7 0.62 + 0.05 Living quarters 

26/7 - 5/8 10 1.63 + 0.34 Site Office 

7/8 - 3/9 28 1.37 + 0.10 Site Office 

2/10 - 9/10 7 1.81 + 0.05 Site Office 

26/7 - 5/8 10 2.79 + 0.10 Decontamination room 

2/10 - 9/10 7 3.43 + 0.10 Decontamination room 

The following conclusions may be drawn. 

_ i 
1. The background exposure race at A.R.L. of 0.36 +; 0.03 pC kg per 

week (1.40 + 0.12 mR per week) is consistent with that found from 
other measurements, namely around 18 yC kg" (70 mR) per year from 
natural sources of radiation. 

2. The background exposure rate at the living quarters varied with time, 
firstly because discs were stored in different places for each 
period, and secondly because there may have been some contamination. 

3. The measurements at the site office and the decontamination room 
reflected changes in background as the mine (and particularly the 
stockpile) developed. 
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4.6 Fading 

The fading of the discs as a result of the heat and humidity at Nabarlek 
was determined by a comparison of the readouts of 20 discs given an exposure 

—1 ??fi 
of 129 pC kg (500 mR) from a Ra source at A.R.L. and then sent to 
Nabarlek with a "control" group of 20 discs given the same exposure and kept 
at A.R.L. at room temperature. The results showed that over a 49 day (7 week 
period at Nabarlek, the discs faded 9°/o more than did those remaining at 
A.R.L. The discs at Nabarlek were stored at ground level and in the shade. 
The following points may be noted: 

1. Because the actual wearing period is a maximum of four weeks, the 
fading in this period will be less than 9 /o when compared with 
discs stored at A.R.L. over the same period. 

2. A single large exposure received by the discs at the beginning of the 
measurement period will allow more fading than in practice in which 
relatively small exposures are received over the whole wearing period. 

4.7 Comparison of Results of TL, Film and Monitor-Measured 
Exposures in the Field 

All A.R.L. staff working at Nabarlek were issued with a TLD holder 
containing a disc shielded by 0.8 or 2.0 mm of copper and a conventional film 
badge. The occupational exposure was assessed by subtracting the background 
exposure. The results are shown in Table 4.3. 
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Table 4.3 
Comparison of Exposures to A.R.L. Staff as Measured by TLD, Film and Monitors. 

Trial Period TLD Film Exposure Record 
(MC kg - 1) („C kg - 1) („C kg" 1) 

1 28/5 - 8/6 5 5 4 
2 23/5 - 8/6 6 5 3 
3 2/; - 23/7 33 29 33 
4 2/7 - 30/7 32 31 35 
5 12/7 - 6/8 13 18 28 
6 25/7 - 18/8 14 20 21 
7 7/8 - 2/9 13 13 16 
8 16/8 - 25/8 15 13 16 
9 2/10 - 14/10 26 25 34 
10 2/10 - 9/10 17 15 18 
11 6/7 - 4/10 70 67 61 
12 31/7 - 2/10 30 21 30 

The "exposure record" shown in Table 4.3 was calculated from estimates of 
the exposure-rates in the different areas and the time spent in each area. 
This is not very accurate, because the exposure rate above the ore body was 
very inhomogeneous and could vary between 0.516 and 2.58 yC kg" h" (2 
and 10 mR h ) over distances of less than 5 metres. A comparison of the 
exposure record with the TLD or film measurements does not always show as good 
agreement as that between TLD and film. 

4.8 Experiments on the Effects of Shielding in the Field 

Measurements using shielded and unshielded CaS0.:Dy discs were performed 
in the field to determine the type of radiation field and the effect of the 
shielding as a function of distance above the ore-body. For convenience, most 
of these experiments were done on a tank of 2.5°/o average grade uranium 
ore. This tank had a diameter of 5.9 metres, a height of 2.5 m and was 
constructed of galvanized iron of approximately 3mm thickness. There was a 
considerable variation of the exposure rate at a fixed height over the surface 
of the tank similar to that found over the ore-body. 
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Experiment 1 

This involved placing one shielded and one unshielded CaS0,:Dy disc per 
holder at various heights above the top surface of the tank and various 
distances from the side surface of the tank. The exposure-rate was measured 
at each position of the discs using the Studsvik gamma monitor. The discs 
were left in these positions for approximately 48 hours and then returned to 
ARL Melbourne for evaluation. 

The results appear in Table 4.4 and are shown graphically in Figure 4.1. 
Table 4.4 

Variation of Exposure with Height above Ore Tank. 

GROUP NUMBER X X X 
s -1 -1 u 

(Al l in PC kg l h x ) 

1. Above ore tank, ground 3 .87+0.77 3 .20+0 .15 4 . 8 5 + 0 . 6 5 

leve l . 
2. 30cm 2 .58+0 .52 2 . 1 2 + 0 . 1 3 2 . 7 1 + 0 . 3 6 
3. 82cm 1 .55+0.31 1 .50+0 .13 1 .60+0 .08 
4. 127 cm 1.26 + 0.26 1.16 +_ 0.05 1.16 + 0.08 
5. 182cm 0 . 8 5 + 0 . 1 8 0 . 9 0 + 0 . 1 0 1 .01+0 .05 

Distance from side of ore 
tank 
6. Less than 2 cm 3.56+0.70 3.10+0.75 3.20+1.03 
7. 48cm 2.34+0.46 2.09+0.23 2.09+0.28 
8. 112 en. 1.29+0.26 1.29+0.08 1.19+0.15 
9. 189 cm 0.67 + 0.13 0.59 + 0.05 0.59 + 0.05 

Here X is the exposure-rate measured using the Studsvik monitor, which has 
an accuracy of + 20°/o (giving the errors listed in the table). 

X s is the exposure rate for the shielded discs, the errors being the 
* 

standard deviations. Xu is the exposure rate for the unshielded discs, the 
errors being the standard deviations. 
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In all cases, two discs were sealed in a thin walled black light-tight 
plastic sachet and enclosed inside a modified conventional ARL film badge. 
The metal shielding normally present was replaced by approximately 0.8 mm of 
copper, so that one disc was enclosed in between 2 sheets of copper. The 
other disc was located in the thin walled or open area of the badge, and in 
parts was only covered by the black plastic of the sachet. The badge itself 
was enclosed in a sealed polythene bag to protect it from dust etc. 

Discs exposed above the ore tank were exposed in the horizontal position 
while those to the side of the ore tank were exposed in the vertical position. 

We see that firstly the exposure-rate varies with distance from the 
surface of the ere tank for both shielded and unshielded discs. Secondly, 
there is a significant difference between the shielded and unshielded discs 
placed above the ore tank at ground level and at 30 cm above the surface. The 
discs placed at distances from the side of the ore tank, and therefore 
shielded by the tank wall and discs at 82, 127 and 182 cm above the ore tank 
did not show this difference. 

These results show that there are significant quantities of 
non-penetrating radiation close to ground level. However, the non-penetrating 
radiation is attenuated completely by 80 cm or more of air, and by 3 mm of 
galvanized iron. As discussed below, these results indicate the presence of 
either or .both very low energy photons or e-particles. 

Experiment 2 

This experiment was performed on top of tie ore stockpile and used holders 
containing both shielded and unshielded discs hung vertically at various 
heights. This experiment used the ARL holders specifically developed for 
uranium mining. The disc surfaces in these holders are shielded by 
approximately 4 mm of plastic in one case, and by 2.4 mm of copper and 1.1 mm 
of plastic in the other. There is more plastic in the direction of their 
edges. 

This experiment simulates the practical situation for a worker with an ARL 
holder attached to his clothing. The results are given in Table 4.5. 
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Table 4.5 
Variation of Exposure with Height above Stockpile using ARL Holders. 

Height Shielded disc 

(Al l in yC kg" ) 

Unshielded disc 

-1 

Exposure 
monitor 

Ground level 
62 cm above 
1.0 m above 
1.53 m above 
1.89 m above 
2.28 m above 

410 + 81 
149 + 8 
123 + 4 
111 + 11 
102 + 11 

9 6 + 3 

426 + 74 
143 + 15 
125 + 14 
108 + 4 
9 9 + 2 
9 7 + 2 

238 + 48 
169 + 34 
132 + 26 
113 + 23 
107 + 21 
100 + 20 

Errors for the first two columns are standard deviations and for the last 
column are calculated using the 20°/o accuracy of the monitor. 

Several points need to be noted. 

(i) The area of the stockpile near the base of the post to which the 
holders were attached was disturbed during the experiment. In 
addition, the measurement using the exposure monitor is not very 
accurate near ground level, owing to geometrical factors, 

(ii) In all cases, shielded and unshielaed discs gave similar results. 
This indicates that the non-penetrating component detected in 
experiment 1 was unable to penetrate 4 mm of plastic, even at ground 
level, 

(iii) The large error at ground level is the result of one holder having 
both discs giving a considerably lower reading than the other discs. 
However, in all cases the difference between shielded and unshielded 
discs in the same holder at ground level was less than 8°/o, with 
the unshielded discs being the highest, 

(iv) At 1 metre or more above ground level, the difference between the 
exposure as measured by the y-ray monitor and by TLD is less than 
10°to. 
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From the results shown above we may therefore conclude that the ARL TLD 
holder containing only a shielded disc and worn at waist or chest height will 
give a reliable assessment of the exposure at the position where the holder is 
worn. 

4.9 The Nature of the Non-Penetrating Radiation 

The results in Section 4.8 have shown that there may be a significant flux 
of "non-penetrating" radiation close to ground level over the ore body. This 
is also consistent with the results obtained in Section 3.6. 

The two possibilities are either low energy photons or e-particles. The 
0.8 mm of copper used as a shield in experiment 1 of Section 4.8 will stop 
completely all a particles of energy below about 2 MeV, and transmit less than 
3°/o of all photons of energy 40 keV or below. 

In experiment 1 it was shown that the measured exposure at 82 cm was the 
same for the shielded and unshielded discs. This means that the radiation 
producing the difference between the shielded and unshielded discs at ground 
level and 30 cm cannot penetrate 82 cm of air and 1 mm of plastic. Ten keV 
photons will be 52°/o transmitted through 100 cm of air and 68°/o 
transmitted through 1 mm of plastic. In addition y-rays of energy less than 
100 keV have been shown to contribute less than 5 /o of the total y-ray flux 
from the ore body (Thomson and Wilson (1980)). This shows that photons of 
energy 10 keV and greater cannot cause the difference in exposure measured for 
the shielded and unshielded discs at ground level and 30 cm. 

Experiment 2 showed that the 4 mm of plastic surrounding the unshielded 
disc in the ARL holder will stop nearly all the 6 radiation from reaching the 
disc even at ground level. 

We note that 2 MeV e particles have a range in copper, plastic and air of 
0.8 mm, 4.9 mm and 7 m respectively. For 0.25 MeV 6 particles the ranges are 
0.07 mm in copper, 0.3 mm in plastic and 46 cm in air. 

These observations suggest that the difference in the exposure at ground 
level ana 30 cm could be due largely to e radiation. An examination of the 

238 radioactive decay scheme of U shows that there are several nuclides which 
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214 214 decay by e—r emission. In particular, both Pb and Bi, the nuclei 

238 emitting the most prominent y-rays in the U decay scheme, also emit 
B-radiation of maximum energies 0.98 MeV and 3.26 MeV respectively, with the 

214 average energy of Pb being 0.214 MeV. These figures are consistent with 
our results. 
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Figure Captions 

Figure 2.1 Band Mooel for Thermoluminescence 
Upper diagram: Carriers (electrons-closed circle; holes-open 
circle) are excited to the appropriate banc by raaiaticn anc 
then trapped. 
Lower diagram: Heat is applied to excite the electron into the 
conduction band. The electron then reconibines with a hole, 
giving off 1ight. 

Figure 2.2 Glow curve of a CaSG»:0y +eflon disc, aL a temperature ramp 
rdte of 3.2 C s~ 

Figure 2.3 Graphs of log1(-, I versus time for isothermal oecay of the TL 
at 90°C, 125°C, 136°C, 15U°C, 220°C ana 300°C. 

-1/2 Figure 2.4 Graphs of (I) versus time for isothermal decay of the TL 
at 90°C, 130°C, 14b°C, 150°C, and 300°C. 

Figure 3.1 Temperature ana glow intensity profile for the readout cycle for 
CaS04:Dy in teflon discs. 

Figure 3.2 Thermoluminescent response as a function of exposure in the 
range 2.58 Ĉ kg" to 2.062 mC kg (10 nm to 11.83 k) for 
exposure to ka. 

Figure 3.3 Variation of thermoluminescent response with photon energy, 
relative to 2 2 6 R a for 

y\ effective energy X-rays for oiscs 
rr-\ ana effective energy X-rays for powaers 

The points obtained for exposure to monoenergetic photon beams 
are indicated by arrows. 

Figure 3.4 Calculated energy response of shielded discs. 
Q Percentage Transmission for 1 mm. and 2 mm. copper 

(Right hand scale) 
rT! Calculated Tl response of CaS0,:Dy in teflon discs to 

effective energy X-rays when shieldea by 1 mm. and 2 mm. copper. 
(Left hand scale) 



Figure 3.5 Reduction in thermoluminescent output with tine (fading) of 
CaS04:Dy in teflon discs stored at 2Z*C, 50*C and 77*C. 

Figure 4.1 Variation w*th height above ore tank of exposure rate for 
shielded (0.8 mm copper) and unshielded discs 

shielded discs 
unshielded discs 
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