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ABSTRACT 

This paper presents criteria for thermoluminescence dosimetry systems suitable for 
precision measurements and, moreover, a detailed examination of the sources of 
systematic and random error. Instructions are given for annealing processes, 
calibration procedures, quality control, and operational rules, which are necessary 
in modem TLD. The performances of some principally different systems are 
compared. 

The old LiF-powder-based TLD system, with an overall uncertainty of 
measurement of about 1.6 percent for ten repeated readouts and for irradiations 
under calibration conditions with Co, is still the best but a comparable, although 
slightly lower, accuracy of about 1.7 percent can be reached more conveniently 
with solid LiF detectors. In measurements where absolute system calibration is not 
of interest (i.e., in depth-dose curve measurements, etc.), the advantages of the 
simple powder-based system are even more concrete. 

An integrated TLD process is presented for progressive utilization of automation 
in precision measurements. The sources of random error and unknown systematic 
error in current readout instruments are examined. Mechanical tolerances in critical 
parts of the readout instruments are thought to be the reason why the method of 
heating with hot gas has not been superior with respect to the precision of 
measurements, in spite of the excellent repeatability of the glow curve shape 
observed for successive readouts. 
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1 INTRODUCTION 

Modem thermoluminescence dosimetry (TLD) is characterized by a wide variety 
of solid thermoluminescent (TL) detectors and by automatic annealing, read-out, 
and data processing equipment. There have been a large number of publications 
and summaries on various topics of TLD presented in several books (Cameron et 
al. 1968, Becker 1973, McKinlay 1981, Oberhofer and Scharman 1981, Horowitz 
1984, McKeever 1985 and Mahesh et al. 1989). In spite of increased knowledge of 
the TL phenomenon and technical improvements, TLD is, however, at a standstill 
in some respects because Cameron's LiF-powder-based system (Cameron et al. 
1964) from the early 60's is still commonly appreciated as the most capable in many 
therapy dosimetry applications. For example, the dosimetry method used by the 
International Atomic Energy Agency for dose imercomparison at therapy centers 
is still principally the same as it was when it was established 20 years ago (Svensson 
etal. 1990). 

The European Organization for Research and Treatment of Cancer states that, as 
an acceptable practice for the quality control of therapy units, measurements should 
be within ±3 percent (Johansson et al. 1988). Using old manual instrumentation, 
measurements with powder can be reproduced with a standard deviation of 1.0 to 
2.0 percent (Suntharalingam 1980) or even of 0.8 percent (Bjämgard et al. 1980), 
while a range of 2.0 to 3.0 percent is typical for measurements with solid detectors. 
The overall uncertainty of 2 to 3 percent is thus just attainable with powder (sec 
also Svensson et al. 1990), but measurements with solid TL detectors do not meet 
the abovementioned requirement in general. 

In the abovementioned article, Svensson also points out that the most important 
dosimetric characteristics of LiF materials [i.e., the mass energy absorption 
coefficients and collision mass stopping power ratios between LiF and water, 
(u«1/p)w,uF and (SCOI/PV.UF] are excellent. This is one reason that studies on modern 
TLD systems are still going on today. New ideas are extrcmcly important for 
forthcoming developments because essential steps towards improved precision 
have not been taken since the implementation of modem instrumentation with 
computer-controlled automatic operation. 

In a review article on TLD instrumentation, Julius (1981) states that TLD is a 
relative method and, therefore, attention should be directed toward high stability 
combined with frequently performed calibrations. These arc the basic criteria for 
good measuring practice. Reaching sufficient stability depends on the dose level, 
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and is thus a different problem in various applications. The scatterof readout values 
has been shown to depend on the dose according to formula (1), which Burgkhard 
and Piesch (1980) first presented and Zarand and Polgar (1984) later completed 
with a term that corrects for the Poisson distribution of photons emitted by a light 
source. 

^ = A ; + 1 - + B 2 a, 
D2 D2 kD 

The meanings of the symbols in the formula are: 

SD the standard deviation of readout values in measuring the dose, D 
D the absorbed dose to air or air kerma to which the TL detectors were irradiated 
A the standard deviation of readout values in low-dose measurements 
k the photoelectron-to-dose conversion factor 
B the relative standard deviation of measurements (SD/D) at high doses (i.e., at 

doses higher than one thousand times the lower detection limit). 

At therapeutic doses, the term, B2, is quite dominant over the other terms on the 
right side of formula (1). Burgkhard and Piesch (1980) have divided the variation, 
B2, into two components. For the purposes of this study, however, it is useful to 
define it in still greater detail as 

B8-l2(sd'+6,a
+s.a). 

D (2) 

where the symbols have the following meanings: 

S2 a component variation with a close connection to the TL detector 
characteristics 

Sr a component variation with a close connection to the reader characteristics 

S2 a component variation with a close connection to the operations in the TLD 
laboratory. 

It is the author's opinion that TL detector characteristics have been well studied for 
the caicful elimination of type Sd variance, but the reasons for the s2 and S2 

variances are not sufficiently known. This paper therefore focuses systematically 
on the questions of instrument and system design. The aim is to find out whether 
the solid TL detectors can compete with the powder ones in measurement precision 
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after the optimization of laboratory processes and procedures, and determine 
whether there is any chance for improvement by modifying the instrumentation. 
Most subjects of this unifying paper have been previously treated in the following 
six publications: 

I Bjarland B., Toivonen M. Microcomputer controlled automatic TLD reader. 
IEEE Transactions on Nuclear Science 1980; NS-27:969-973. 

II ToivonenM.InformationcontentinTLD: Automated control of background 
signals. Nuclear Instruments and Methods 1982; 175:87-88. 

III Servomaa A., Toivonen M., Kiuru A. Mailed TL dosimeters for monitoring 
the output from diagnostic x-ray equipment. Medical Physics 1984; 11, No 
1:75-77. 

IV Toivonen M. Elimination of error sources in TLD by using an automatic post 
reading calibration procedure for each measurement. Radiation Protection 
Dosimetry 1984; 6, No. 1-4:79-82. 

V Toivonen M., Järvinen H., Campos L., Las W. Air kerma intercomparison 
at ̂ Co by solid TL detectors. Radiation Protection Dosimetry 1990; 34, No 
1-4, Part 2:249-251. 

VI Toivonen M. Developmental study on thermoluminescence dosimetry. 
Two-step calibration instead of detector sensitivity factors. IEEE 
Transactions on Nuclear Science 1991; NS-38:901-905. 

These papers are referenced in the text using Roman numerals I to VI. 
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2 SCOPE 

There are very many techniques to anneal and read solid TL detectors, as well as 
to calibrate TLD systems and to calculate the results of the measurements. Only a 
few of them can be included in the comparison studies. The following criteria were 
used in validating systems for further consideration: 

(i) The only generally accepted TL material for precision measurements on a 
large scale was LiF which was regenerated and stabilized for use by standard 
annealing (1 h at 400°C and 16 h at 75°C). 

(ii) Systematic errors had to be eliminated as much as possible by process design 
and the calibration factor had to include a correction for the remaining errors. 
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3 PROCESSES AND PROCEDURES 

3.1 Manual approach with powder 

It is well known that TL sensitivity in LiF depends on the: 

• powder grain size 
• high annealing temperature 
> cooling down rate from high to low temperature 
• low annealing temperature 

In powdered material, the inconvenient characteristics of LiF are harmless because 
the TL sensitivity throughout the preparation bath and throughout the 
volumetrically dosaged portions taken from the batch can be equalized by shaking 
the crystals to distribute them. The technique to obtain equivalent dosimeters from 
powder has been thoroughly discussed by Karzmark et al. (1966). 

Figure 1 a presents the TLD process (the partial processes and the whole procedure 
for performing them) for measurements with LiF powder. In spite of standard 
annealing, there is some TL fading in LiF, especially during the first hours after the 
irradiation. From the contents of Publication V, one can conclude that, during a 
30-day period, the fading is an average of 0.1 percent per day. In therapy dosimetry 
applications of TLD, the field cycle (i.e., the period during which the TL detectors 
are taken from the laboratory for actual field and calibration irradiations) is 
normally only a few hours. Under these conditions, fading is not an essential source 
of error and, therefore, the TLD process is not subject to the time intervals from 
preparation to irradiation or to readout. In environmental measurement 
applications, the field cycle is long and the ambient temperature varies within wide 
limits. Under these conditions, the instability of TL material must always be 
carefully considered when analyzing errors of measurement (de Planque Burke 
and Gescll 1976). 

3.2 Instrumental approach with solidified material 

Because of the individual characteristics of solid TL detectors, the TLD process 
must include an additional measurement (reference measurement) for 
normalization of the detector sensitivity. Figures lb-f present alternative TLD 
processes for solid detectors. Note that the processes meet the first criterion 
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presented in Chapter 2 because, during each, the TL detectors are stabilized at low 
temperature before the field cycle. For the reference measurement, it is not 
necessary to stabilize TL detectors because the critical time intervals can be 
carefully controlled under laboratory conditions. 

There are several reasons to abstain from using standard annealing. One reason is 
the complexity of the process and the long time lost during the two low temperature 
annealings. Other reasons are the difficulty to reproduce TL sensitivity precisely 
during the well-known critical phases of the standard annealing and the danger of 
damage to TL detectors during the high temperature annealings. The problems of 
standard annealing have been considered in detail in Section 4.3. 

In the traditional TLD process, there are no other critical time intervals than the 
ones between the two main phases of standard annealing (see Figure lb). In 
modified processes 1 and 2, the time interval, 1, between the two measurement 
cycles (see Figures lc and d) is critical in the same way. Time intervals 2 through 
5 are especially critical in modified processes 2 and 3 and in the integrated process 
(see Figures ld-f). In the TLD systems where the critical time intervals are very 
short (in minutes), they must be reproduced very precisely between field and 
calibration detectors. In the case of long time intervals (24 hours or more), 
reproducibility requirements are not so stringent. 

The scheduling requirements must be determined separately for every TLD system. 
Table I gives examples of such requirements. In Publication VI, the time intervals 
and their reproducibility requirements are discussed thoroughly for the integrated 
process. Section 4.4 gives information needed to determine the requirements for 
long time intervals in the same way as it has been done for short intervals in 
Publication VI. 

The traditional TLD process or slight modifications of it are most commonly used 
today. Modified processes are used in the TLD systems of Therados and Alnor, 
for example. During this work, no commercial reader with sufficient automatic 
operation was available to conveniently utilize the integrated process. For TL 
dating, a reader with sufficient capabilities has been constructed by B0tter-Jensen 
and Mejdahl (1984). Experiments on the applicability of the integrated process 
have been made with a prototype reader and with normal commercial readers (see 
IV and VI). Barthe et al. (1990) have recently constructed a commercial reader for 
therapy dosimetry purposes which can be programmed to perform automatically 
the readouts and irradiations of the process. 
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Table I. Examples of the reproducibility requirements of critical time intervals 
for some principally different TLD processes. See Figure 1 for an understanding 
of time intervals 1 through 5. Note that the requirements are slightly less 
stringent if the readout process includes the preheating procedure (12 s at 
135°C,for example) which decreases the effect of fading in the reference 
readout values. 

Principally different Time intervals (1 to 5) and their 
TLD processes reproducibility requirements 

Modified process 1 

Modified process 2 

Modified process 3 

Integrated process 

1 
W 

30±6 

30±6 

30±6 

30±6 

2 
(min) 

100±5 

3 
(min) 

100±5 

4 
(min) 

100±5 

2±0.5 

Remarks 

5 
(min) 

100±5 ]) 

3±0.5 see VI 

! ) 100 minutes is the usual time interval for which either the Therados or the Alnor automatic TLD 
systems with their associated " V s r reference irradiation sources are used for patient dose 
measurements. 

There arc also TLD systems in common use in which the TLD processes do not 
meet criteria (i) and (ii) presented in Chapter 2. In Publication III, there is such a 
system described which suits quality control applications for the field of diagnostic 
x-ray apparatus. Note that TLD processes without standard annealing are even 
sometimes used in special therapy dosimetry applications on a small scale. The 
fading error for these measurements is eliminated by scheduling field and 
calibration irradiations very precisely. Also note that the TLD systems with 
permanent detector sensitivity factors do not meet criterion (ii) in Chapter 2 because 
the sources of error for the reference measurement arc not controlled in a 
sufficiently simple way. 
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3.3 Calibration by batch 

The results of measurements with the powder-based TLD systems are calculated 
by the formula 

D = f • r , (3) 

where the symbols mean the following: 

D the absorbed dose or any other quantity of interest to be measured 
f a calibration coefficient which is determined with TL detectors that have 

been irradiated to a known dose at the same time as the field irradiations and 
have been taken from the same annealing batch as the field detectors for 
calibration purposes 

r the net readout value for the unknown dose of the actual measurement (i.e., 
the readout value subtracted by the readout value at zero-dose). 

Let us examine the problem of determining the calibration factor, f, with high 
precision. It is typical to read 30 calibration detectors during a working day. The 
first step is to check whether the 30 readout values follow any trend by examining 
them as a function of time. A trend indicates that the reader sensitivity has changed. 
If there is no trend, the mean of the 30 readout values, r, can be used in calculating 
the calibration factor. The standard deviation of the calibration factor, S30, is given 
by the quotient of the standard deviation of readout values, s, and the square root 
of 30. In the case of very skilled operation with powder, the standard deviations, s 
and s3o, are 1 percent and 0.18 percent, respectively. 

Let us now examine the case when the reader is unstable. It is necessary to fit a 
curve through the 30 points presented as a function of time. The calibration factor 
must now be calculated separately for every moment by dividing the known 
calibration dose with a value taken from the readout value curve. If the drift is slow 
(say less than one percent per day), the uncertainty of the continuously changing 
calibration factor is not essentially higher than in the case of the stable reader. Note 
also that the integrated TLD process includes a self-correction mode for slow 
changes in reader sensitivity (see VI). If reader sensitivity fluctuates up and down 
during a working day, the random error of calibration may be much above the 0.2 
percent (lo) level derived above. In current TLD systems, there arc typically 
unexplained short-term fluctuations at the 0.3 percent level (sec VI) and the random 
crrorof calibration (lo) is thus approximately 0.5 percent for careful measurements 
when good instruments are used. 
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3.4 Individual calibration 

A discussion on the alternative ways to calculate the results of measurements in 
modem TLD systems has been given in Publication VI. The most illustrative 
formula from the point of view of error estimation is 

D = — i . r . (4) 
' ref 

where the symbols, D and r, have been defined in formula (3) and the others are: 

rref the net readout value for the constant dose of the reference measurement 
D, the apparent dose, which is determined from the readout values of calibration 

detectors for the calculation of the final individual calibration factor, DJr„s, 
using similar measurements and statistical methods as for determining the 
calibration factor, f, in the case of calibration by batch (see Section 3.3). 

Let us examine how the simplified annealings (i.e., reader annealing and low 
temperature annealing or reader annealing alone instead of the standard annealing) 
affect calibration and the applicable reference dose levels in the TLD systems 
characterized by Figures lc-f. If the reference irradiation is done before the actual 
irradiation (see Figures lc and d) and thedose is low (below 100 mGy), the radiation 
history from the first irradiation does not influence the second measurement at all. 
If the therapy level dose is given during the first measurement, the residue (i .e., the 
fraction of luminescence that remains over the readout) and the change in detector 
sensitivity caused by the previous high dose must be taken into account in the system 
planning. These subjects have been discussed in Publication IV. From this 
information, one can conclude that in the processes illustrated by Figures le and 
f, the reference dose must be at least one-fifth of the actual dose in order to get a 
TL signal high enough in magnitude to eliminate the residue as an important source 
of error. The same conclusion applies to modified process 1 (see Figure lc) if the 
actual irradiation is done during the first measurement cycle. 

As a second consequence of the high dose and simplified annealing, the TL 
detectors become radiation-sensitized and remain in this state during reference 
irradiation. The reference dose, which in therapy dosimetry applications is typically 
0.5 Gy (i.e., one-fifth of the therapy level dose), sensitizes the TL detector a little 
more. As a result, the increase in the reference readout value, rref, ovcrcompcnsatcs 
the increase in the actual readout value, r [see formula (4)]. The response may thus 
be either supralinear or sublincar depending on the TLD process. The deflection 
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from the linear response is less in the case of optimal compensation with respect to 
residue and radiation sensitization. Therefore, the simplified annealing presents an 
ambiguous situation which, in some cases, worsens the system characteristics and, 
in others, improves them. 

The discussions in Section 3.2 and in this paragraph have shown that there are very 
many critical parameters in modem TLD systems, especially if a modified TLD 
process or an integrated process is used. In order to get these systems to meet 
criterion (ii) of Chapter2, the operator must strictly follow many documented rules. 

The traditional TLD process is largely straightforward but it does have drawbacks. 
These are the difficulty in identifying TL detectors during the second high 
temperature annealing and the fact that every high temperature annealing also 
includes the risk of damage to the detectors. In every TLD system, readouts should 
be carried out continuously because reader sensitivity may drift during a break and 
the random error of the calibration factor (see Section 3.3) increases if the time scale 
of the readouts is fragmentary. Note that in the integrated TLD process, the readouts 
must be scheduled automatically (see VI) and there is a self-correction mode for 
drift in reader sensitivity. 

15 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A101 

4 JOINT STUDIES 

4.1 Reproducibility of readout 

Although the design of TL dosimeter readers is a well-studied topic with 
comprehensive summaries in the literature (Julius 1981 and Sparine 1979 and 
1984), we learned something new by mere chance while testing a prototype TLD 
system. In these experiments, we could not adjust all the critical parameters with 
sufficient accuracy and the prototype system is not generally applicable for therapy 
dosimetry. For these reasons and because of insufficient statistical evidence, the 
results of the experiments are not presented exactly as graphs or tables. Discussions 
on the experiments are, however, given in this and the next section because the 
observations made during them may be useful for forthcoming developments in 
TLD instrumentation. 

Publication I describes a reader for TL dosimeter cards of a special type. Harshaw 
TLD chips are permanently fitted into the cards with a teflon ring (see IV). There 
is no plastic cover on the chip and heating is accomplished by blowing hot nitrogen 
from above and below the chip through small holes around it. In addition to the 
special card construction, there are two technical modifications in the reader. First, 
the temperature of the heating gas is controlled from the wall of the heating oven 
(see I) to maintain a stable gas temperature in the readout chamber with practically 
no short-term fluctuations. Second, a reference light source is situated inside the 
PM tube housing for stabilization of the light detection system (see 1). Because the 
collection of light from the reference source to the photocathode is independent of 
the tolerances of mechanical parts and of the dirtying of the optical filter between 
the readout chamber and the PM tube housing, the short-term stability of the light 
detection system is also extremely good. 

Optimum gas temperature, which is just enough for a nice glow curve (see IV), 
depends on the inner diameter of the heating gas nozzle, the nozzlc-to-TL detector 
distance, the strain between the chip comers and the teflon, and the gas flow rate. 
Systematic studies on the reproducibility of readout were made by varying the 
abovementioned parameters. The simple process of "read-irradiatc-rcad again" and 
a simple constant dose irradiator were used (see Section 4.2) in the experiments. 
Figure 1 of Publication IV illustrates the TL dosimeter card. The results were 
surprising. Although the parameters were varied enough that the gas temperature 
ranged from 260°C to 340°C in the different parameter settings, no systematic trend 
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could be found. Many parameter settings were found to be successful and very small 
deflections from them essentially worsened the repeatability of readout values 
(usually la from 0.4 percent to 1.5 percent), although there was no change in the 
glow curve shape. Independent of the parameter settings, various dosimeter card 
components (i.e., similar chip to card fittings) differed in performance. If a tablet 
was first detached from a "good" card component for irradiation and then re-fitted 
into the card, the excellent reproducibility of the readout values was lost in most 
cases. 

Experiments were also performed with round LiF tablets using another dosimeter 
card construction. The cards were made of graphite-mixed Ryton (a trade mark of 
Phillips Petroleum). The heat conductance of this material was much higher than 
the teflon and, therefore, it was necessary to fit the tablets into the cards with very 
thin shoulders. During the first heating (i.e., during the first readout), the shoulders 
colored and hardened slightly. The tablet "burned in" and such card components 
were very stable in later readouts. The characteristics of these card components 
were very similar to the former type of card with the teflon ring. The standard 
deviation of readout values was slightly smaller. The best card components could 
reproduce their readout values with a S.D. of 0.2 percent, and the average S.D. was 
0.5 percent when the critical heating parameters (i.e., the nozzle diameter, etc.) were 
carefully optimized. 

To explain the extraordinary performance reached with the selected "good" 
dosimeter card components, it is necessary to recall some studies on the sources of 
random error in dosimetry with LiF: 

(i) Gorbics et al. (1969, Part II) have shown that the TL efficiency, T|, (i.e., the 
ratio of radiative to all transitions in the crystal) decreases rapidly with 
increasing readout temperature. In case of linear heating at a rate of 15°C s'1, 
the dependence is about 0.4%°C'!s. 

(ii) Harris and Jackson (1968) and Horowitz (1990) have carefully determined 
the dependence between high annealing temperature and TL sensitivity (see 
also Section 4.3). In case of annealing in the reader at about 300°C, the 
dependence is about 0.15%°C'1 according to Harris and Jackson. 

(iii) Johnston (1962) has shown that the hardness of LiF crystals (shear stress) 
changes rapidly when the crystals are annealed at a temperature of about 
150°C. A decrease inTL sensitivity in the same range of temperatures is well 
known [Zimmerman ct al. (1966) and many later studies]. Carlsson (1969) 

17 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A101 

observed that the curves illustrating the inverse of shear stress and TL 
sensitivity have nearly identical forms. It is well known that the sensitivity 
changes are due to the reformation of Mg-impurities in the crystal. 

In practical readers with the plateau method of heating (i.e., a rapid rise in 
temperature followed by a sufficient holding time at a constant temperature), TL 
efficiency is at a maximum (short time in the temperature range of 150°C and 
minimum readout temperature). In the simple tests illustrating the dependence 
between readout temperature and TL sensitivity, the effects described in (i) and (ii) 
may thus cancel each other which could be a reason why the results of such tests 
do not show thermal quenching at elevated plateau temperature settings (Robertson 
1981, Regulla 1981). In practical measurements, however, there are no corrections 
for the effects illustrated in (i) through (iii) and each of them must be considered a 
serious source of error. 

In the prototype TLD system, the LiF chips or tablets are not moved during the TLD 
process and the short-term stability of the reader is excellent. Conditions (i) through 
(iii) are therefore fulfilled, together with a high stability of light collection and 
measurement. In the commercial readers (the Alnor Dosacus for example), the other 
conditions may be fulfilled but the LiF tablet is moved in a hot state from the top 
of the capillary pipe to the dosimeter card and it has been shown (see VI) that the 
unknown systematic errors caused by mechanical tolerances are not quite 
eliminated. Note that the tablet may lay horizontally or at a small angle above the 
pipe because the surfaces of the crystal are rough. These uncertainties in the readout 
conditions explain why the commercial readers with hot gas heating are not better 
in precision of measurement than the best readers with heating planchct. 

The motion of the tablet caused by thermal expansion of the material holding the 
tablet explains why the dosimeter card components differ so much in performance. 
Sometimes, the forces between the tablet and the shoulders holding it arc in balance. 
Other times, they are not and therefore the tablet moves. The external stress from 
the contact material on the tablet may also explain the matter at least partially, but 
the former explanation is more probable because the variation in the performances 
of various card components is quite similar and independent of the contact material 
(e.g., Teflon which is soft and Ryton which is a hard material). 

4.2 Reproducibility of constant dose irradiation 

Independent of the TLD process, it is practical and, in the case of the integrated 
process, necessary to use beta sources in the constant dose irradiations of the 
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reference measurement (see IV). We have constructed a very simple device in 
which a conveyor moves TL detectors below a ^Y/^Sr source of approximately 
0.7 GBq in 1.5 minutes. Many stability studies could be practically carried out using 
the prototype reader, the constant dose irradiator, and "good" dosimeter card 
components. To study the problem of short-distance irradiations using radiation of 
moderate penetrating power, the simple "read-irradiate-read" process was repeated 
many times with a single TL detector. The source-to-detector distance was then 
varied and the process was repeated. 

The results of the abovcmcntioned studies were quite straightforward. The readout 
values deviated about 0.3 percent (la) when the distance was 3 cm or more. At 
shorter distances, a few single readout values deviated up to 2 percent with an 
excessively high relative frequency compared with the Gaussian distribution curve. 

In order to also determine the optimum procedure for irradiations with beta sources 
at sufficiently high doses (about 0.5 Gy, see Section 3.4) for therapy dosimetry, the 
test described above was modified so that the TL detector moved on a thin piece of 
paper between two 90Y/°Sr beta sources. The source-to- detector distance was about 
0.5 cm on both sides. In these experiments, the readout values were reproducible, 
as when the irradiations were performed with one source from a longer distance. 
Note that a symmetrical ^Y/^Sr cylinder source has been used in the TLD system 
of Therados to compensate for the distance errors. 

4.3 Instructions for annealing 

With solid TL detectors, TL sensitivity is influenced by very small temperature 
differences during standard annealing (see Section 3.1). These problems will be 
discussed in the following paragraphs. 

The annealing characteristics of LiF were first studied by Zimmerman et al. (1966). 
Horowitz (1990) later specified more exact conditions: 400 ± 5°C min"1, followed 
by 75± 3°C for 24 h. To reproduce the temperatures with sufficient accuracy is not 
difficult, but the requirement to perform the cooling from the high temperature in 
an extremely reproducible way is a real technical challenge. At intermediate cooling 
rates (say at 200°C min'1), the share of the useful glow peaks 4 and 5 from the total 
glow area is favorable (Wald ct al. 1973), but the dependence between cooling rate 
and TL sensitivity is as high as 0.05%°C' min (Rcgulla 1981). An uncertainty of 
10% in the cooling rate thus causes an additional fluctuation of about 0.5% in the 
readout values. It is easy to understand that no attempt to move TL detectors from 
the oven to any plate is reproducible enough. 
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Carlsson (1969) has examined the annealing problem from the point of view of 
therapy dosimetry. He has shown that a readout at 300°C is sufficient to give LiF 
crystals the thermal equilibrium corresponding to this temperature and that, when 
the detectors are allowed to cool to room temperature in the reader, detector 
sensitivity may be reproduced quite well. Note, however, that TL sensitivity is a 
few percent lower than after annealing at 400°C (Harris and Jackson 1968) and, at 
300°C, the dependence on temperature is as high as 0.15%°C ' [see (ii) in Section 
4.1]. The temperature regulator must thus be in good condition and the thermal 
contact between the heater planchet and the TL detector must be faultless [see also 
(i) in Section 4.1]. A general conclusion may be drawn that there are not many 
possibilities to improve readers with a heater planchet from their present state. 
Heating with hot gas offers better results because the heat contact is not easily 
damaged and there is evidence that the sources of error specific to the method can 
be eliminated (see Section 4.1). 

It is also the author's opinion that the reader produces the best, initial, critical 
annealing phase fortherapy dosimetry purposes. Modified standard annealing (i.e., 
1 h at 400°C in an oven followed by a readout and low temperature annealing for 
16 h at 75°C) has therefore been used in our laboratory. 

Horowitz (1990) has shown that TL sensitivity begins to decrease at approximately 
80°C. The slope of the decreasing signal is about -2 %°C'\ At 75°C, the slope is 
less than 0.5 %°CX and the areas of the useful glow peaks, 4 and 5, relative to each 
glow peak, 2-5, have nearly reached their maximum value. The optimum low 
temperature annealing temperature thus seems to be 75°C. In a large circulating air 
heat box, it is possible to anneal a large batch of TL dosimeters to an accuracy of 
0.3°C relative to each other. This is enough to bring low temperature annealing 
errors to an insignificant level. The annealing time must, of course, be carefully 
controlled, but it only worsens the glow curve shape slightly if a shorter time than 
24 hours (say 16h) is systematically used (sec Harris and Jackson 1970). 

An alternative and accurate method to low temperature annealing is to press TL 
detectors between metal plates in the heat box. Märtcnson (1969) has shown that 
cooling from a high temperature can be reproduced very accurately (i.e., a group 
of TL detectors can be repeatedly prepared with a standard deviation o (0.3 percent 
for TL sensitivity) by utilizing the high heat conductance of metal for stabilization. 
This method suits the thin LiF-tcflon TL detectors well. 

It is apparently problematic to use different annealing processes for the two phases 
of the TLD process (see Figures ld-f). This matter is discussed in Publication VI, 
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where it is also shown that, with the round LiF tablets manufactured by Harshaw 
and sold by Alnor, there are no obstacles to using the modified processes presented 
in Figure 1. We have also made similar observations in other experiments with the 
wedge-shaped Harshaw TLD-100 chips and the round LiF tablets manufactured by 
Alnor. Thus, i: seems that by using the abovementioned TL materials, all the 
processes presented in Figure 1 meet criterion (ii) of Chapter 2. Of course, TL 
materials from several suppliers or from several production baths shall not be 
mixed. 

In the integrated TLD process (see VI), it is necessary to wait perhaps 3 minutes 
before the reference irradiation of a TL detector can be performed after its actual 
readout. The reason for the delay is that the detector must be at room temperature 
during irradiation. It is therefore useful to know, for technical designing, whether 
the cooling from high temperature can be accelerated without increasing the 
standard deviation of the readout values. Special experiments were therefore made 
with the reader described in Figure 1 of Publication IV. 

For these experiments, the magazine was replaced with an air blower to allow the 
room-temperature air flow to be switched on with or without a delay after the 
detector returned from the readout chamber. Without delay, the time interval 
between heating and cooling was less than one second. Figure 2 gives the results 
of these experiments. The standard deviation seems to be completely or nearly 
independent of the cooling rate, but if there is even a moderate delay in cooling, the 
standard deviation increases markedly. The critical temperature at which the TL 
detector should not be touched or the cooling conditions should not be otherwise 
changed is approximately 160°C. 

In modified standard annealing, time interval 1 (i.e., the time interval between 
readout and subsequent low-temperature annealing, see Figure 1) may vary from a 
few minutes to several hours if the TL detectors are moved into the heat box after 
every working day. Because of the rapid sensitivity change in LiF after reader 
annealing, the detectors are not exactly in the same state at the beginning of the 
low-temperature annealing. To determine the dependence of TL sensitivity on the 
abovementioned time interval, experiments were performed in essentially the same 
way as in d6termining the short-term sensitivity change or fading curves. 

The time between readout and low temperature annealing was varied from 5 
minutes to 80 hours. The results of the experiments arc given in Figure 3. There 
seems to be a gradual dependence between the storage time and TL sensitivity. 
Detectors should therefore not be collected for low temperature annealing from a 
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Figure 2. The effect of accelerated cooling on the TL sensitivity of LiF and on 
the standard deviation of readout values. The error bars show the 95 percent 
confidence intervals of the readout values in ten repeated experiments. Figure I 
of Publication IV gives the experimental arrangements. A room-temperature air 
blower was installed in place of the magazine. The airflow could be switched 
on, with or without a delay, after the hot TL detector returned from the readout 
chamber. Note that, without any delay, the time interval between the end of 
heating and the beginning of accelerated cooling was less than one second. The 
measurements were made by using round Harshaw LiF tablets in 
high-temperature plastic (Rvton) cards. 

longer time than one working day and they must be moved into the heat box 
systematically during the same day or next day. 

4.4 Short-term sensitivity change and fading curves 

Requirements for the time intervals from reader annealing to reference irradiation 
and from reference irradiation to reference readout must be determined in each TLD 
laboratory for those modified processes in which the LiF TL detectors are not 
stabilized in low temperature before the reference irradiation. For the integrated 
process, the requirements arc presented in Publication VI. The short-term sensitivity 
change rate and fading rate curves (i.e., the time derivatives of the sensitivity change 
and fading curves) are useful for determining the requirements. The sensitivity 
change and fading measurements must, of course, be performed over the maximum 
time intervals used in the TLD processes. For illustration, the curves in Figure 4 
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Figure 3. The effect of delayed low temperature annealing on TL sensitivity (i.e., 
the TL sensitivities after normalization to I for the delay time t = Oh). See 
Figure 1 for clarification of time interval 1 (the delay time between the two main 
phases of standard annealing). The error bars show the 95 percent confidence 
intervals of the results. 

were determined for time intervals up to 36 h for the round Harshaw LiFTLD-100 
tablets by using a Vinten Toledo reader with and without the pre-readout annealing 
of 12s at 135°C. Robertson (1981) has presented similar measurements for longer 
time intervals and several pre-readout annealing temperatures. 

4.5 Utilization of automation 

Publication IV describes an attempt to join the calibration measurements and 
constant dose measurements needed for normalizing detector sensitivity in a 
practical way. Publications I, II, and IV describe a method to utilize the residual 
glow (i.e., the TL glow observed during the seconds following the readout of useful 
information) for subtracting background. During later consideration, this method 
was understood to be useful in safeguarding against the reuse of TL detectors with 
high residue or dirtied TL detectors. In therapy dosimetry, the method may be useful 
if the TL detectors cannot be removed from the dosimctcrcards for high temperature 
annealing (sec IV) or the TL detectors do not tolerate temperatures up to 400°C. 
Publication I also describes a mechanical reader part which automatically sorts out 
those dosimeter cards which do not fulfill the reusability requirements. Such 
characteristics could be useful in the automatic TLD systems designed for personal 
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monitoring. Detailed data on these developments have been given in another report 
(Toivonen 1979). 

Figure 4. Change in sensitivity or fading ofLAF soon after annealing in the 
reader. The measurements were made by reading, irradiating, reading, 
reference irradiating, and finally reading the TL detectors. The critical time 
intervals (i.e., the time intervals from reader annealing to irradiation and from 
irradiation to readout for the sensitivity change and fading measurements, 
respectively) were varied. The reference measurements were made to correct the 
results for differences in detector sensitivities and for changes in the reader 
sensitivity. The measurements were made with and without preheating (12 s at 
135°C) using a Vinten Toledo 654 reader. The error bars show the 95 percent 
confidence intervals of the results. 
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5 QUALITY CONTROL 

5.1 System stability 

Robertson (1981) has presented a thorough study on the methods to reduce errors 
in thermolumincscence dosimetry by stabilizing the instruments and TL detectors 
used in measurements extremely well. A good review on the operational aspects of 
TLD has been given by Regulla (1981). Comprehensive presentations on the 
stabilization of TL readout instrumentation and on the calibration in clinical 
applications of TLD have been given by Spanne (1984) and Lindskoug and 
Lundberg (1984). These papers illustrate the numerous sources of error in modern 
TLD well. By relying only on these data, however, it is not possible to show that a 
TLD process is reproducible enough for therapy dosimetry applications. Therefore, 
it is necessary to test the stability of the complete TLD process instead of estimating 
the overall uncertainty from the component uncertainties of the partial processes 
(i.e., from the uncertainties of annealing, reader stabilization, etc.). Examples of 
such tests are presented in Publication VI for the traditional process and for the 
integrated process. The basic idea of the system test is to irradiate the TL detectors 
to a constant dose during both the actual and reference measurements, and to 
perform the TLD process exactly according to the documented operational rules. 

The integrated process includes all of the same sources of error found in modified 
processes 1 through 3 combined. Therefore, it may be assumed that the stability of 
each of these latter processes is at least the same or better than the integrated process. 
Figure 2 of Publication VI shows that the random error is slightly higher in the 
integrated than in the traditional process, while the systematic error is smaller 
because of the self-correction forthe effects of slow drift in reader sensitivity. Note, 
however, that it is difficult to perform the integrated process manually without 
straying momentarily from the requirements set for the time intervals (actual 
readout to reference irradiation, etc.). Thus, it is not clear that the random error will 
differ in the two processes at all after the integrated process has been made fully 
automatic. 

5.2 Normality 

The Western European Calibration Cooperation (WECC 1990) recently presented 
guidelines for estimating the uncertainty in measurements. The International 
Committee on Poids and Measures (CIPM) previously gave recommendations 
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(Recommendation 1, CI-1981) on the same subject together with encouragement 
for other interested organizations to examine and test the proposals (see a summary 
on the 70th annual meeting of CIPM, Giacomol982). According to the guidelines 
mentioned above, the overall uncertainty, U, should be estimated using the formula 

U = k . ^ 
n 

.2 zsr , (5) 
i=1 

where the symbols have the following meanings: 

si the standard deviation of a component uncertainty 
k a multiplication factor (i.e., a suitable integer like 2, which represents 

approximately 95 percent confidence) 

Note that if two quantities correlate, the covariance has to be considered as a 
contribution to the uncertainty. Sometimes, the covariance can be calculated. Other 
times, it is easier to estimate a single component uncertainty for the effect of the 
two quantities. 

Depending on the distribution of the readout values, the type A uncertainty in 
formula (5) (i.e., the standard deviations evaluated by statistical means from 
measurements) is in most cases either: 

s = 
1 r — 

^ N ^ U . E ( X i - X ) 2 ] (6) 

or 

s = Tr- (7) 

Formula (6) and the definitions of its terms are well known. Formula (7) specifically 
applies to the rectangular distribution of measurement results. The term refers to 
one-half of the range (X - a)... (X + a), a range in which most of the results fall. 
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It is normal practice in TLD to measure one point with several TL_detectors. In the 
case of normal distribution, the standard deviation of the mean, X, for N parallel 
TL detectors is 

and the uncertainty of measurement is given by the following formula 

U = k. I s 2
+ i (9) 

\ i=1 ' N 

Normality is a desirable characteristic in a TLD system because it allows the 
convenient use of system stability test data (see Section 5.1) and formula (9) in 
estimating uncertainty. Therefore, it is useful to test normality for every TLD 
system in addition to stability. Forillustration, normality tests for the data illustrated 
by Figures 1 and 2 of Publication VI are presented on the following pages. 

Relative frequency histograms were first calculated (see Figures 5-7). Chi- square 
tests were then performed on the data presented in the figures. These results are 
given in Table II. Similar tests made by Catchen et al. (1986) for environmental 
TLD systems follow the same pattern. The statistical tables published by Spiegel 
(1961) were used in the tests. 

Let us examine the normality test results (see Table II). A comparison of rejected 
tests 6b, 6c, and 7c with the corresponding stability tests (see Figures 2b and c of 
Publication VI and their accompanying texts) shows that a reason for the marked 
disagreement between normal distribution and the corresponding distribution of the 
test results is a sudden change in reader sensitivity. The sudden change in reader 
sensitivity can also be seen as two separate apexes or as a broadened apex in the 
relative frequency histograms (see Figures 6b, c, d, and e). In 3 cases out of a total 
of 8, the same sudden readout errors also caused rejection of the normality test (see 
Table II, 6b~e and 7b-c). 

It is surprising that the normality of the test data, corrected for systematic errors, is 
in most cases not better than the uncorrected data. It seems that the 160 readout 
values illustrated in Figures 2a-f of Publication VI do not logically follow any slow 
trend caused by a drift in reader sensitivity. Plots of the 160 points were also 
interpreted, and nothing was obtained in conflict with the conclusions made above 
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(see Figure 8). More support is given by the fact that the standard deviations of the 
160 data points and of the 20 data points (i .e., the values calculated from the grouped 
data) are nearly the same although the regression curves in Figures I and 2 of 
Publication VI show marked drifts. One can ascertain the latter argument by 
comparing the confidence intervals presented in the figures mentioned above with 
the data given in the text. 

Publication VI presents a discussion on reader instabilities which may explain the 
discrepancy between the test data and the normal distribution. Thus, it seems that, 
if the results of a well-operated TLD system do not fulfill a normal distribution at 
high dose levels, the reasons for the inconvenience are most likely in the reader 
than in the TLD process. Note that most detectors illustrated in Table II pass the 
normality test. 

Table II. Chi-square test results for the data illustrated in Figures 5-7. 

Data material 
Figure Type 

5a 
5b 
5c 
5d 

6a 
6b 
6c 
6d 
6e 
6f 

7a 
7b 
7c 
7d 
7e 
7f 

" N -

Original 
Original 
Corrected 
Corrected 

Original 
Original 
Original 
Original 
Original 
Original 

Corrected 
Corrected 
Corrected 
Corrected 
Corrected 
Corrected 

r-l, where N is the sample size 
number of estimated parameters. 

2) As ignificance level of a= 5 % i 

x2 

3.4 
7.1 
4.9 
8.6 

5.4 
18.0 
16.1 
15.0 
5.0 

14.4 

8.1 
5.2 

15.1 
6.6 
6.6 
7.9 

Degrees of Acceptance 
freedom1* 

6 
12 
6 

13 

6 
8 
8 
8 
9 
9 

6 
6 
7 
9 
9 
8 

(see the corresponding figures, 
mean and variation). 
i used as the acceptance criterion 

criterion 

12.6 
21.0 
12.6 
22.4 

12.6 
15.5 
15.5 
15.5 
16.9 
16.9 

12.6 
12.6 
14.1 
16.9 
16.9 
15.5 

: Accept/ 
Reject 

Accept 
Accept 
Accept 
Accept 

Accept 
Reject 
Reject 
Accept 
Accept 
Accept 

Accept 
Accept 
Reject 
Accept 
Accept 
Accept 

"igures 4-6) and r is 2 (i.e., the 

28 



STUK-A101 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

25 

15 

5 

1 
Uj 

cv 5 

30 

20 

10 

a Vmten reader b. A (nor reader 

15 
J * \ CT=2.2% 

\ 10 

5 

F 
1 > i i , i i 

0.95 1.00 1.05 0.90 1.00 

NORMALIZED READOUT VALUES 

c. Vinten reader d. Alnor reader 

M P 
15 

V i ff =2.1% 

» 

-J I 5 

* 4 * . 
• ' 

0.95 1.00 105 

-

- j ^ 

1 1 1 

0.90 100 

CORRECTED READOUT VALUES 

IT =4.0% 

i i 

110 

cr = 3.9% 

i i 

1.10 

Figure 5. Distributions of normalized readout values, r (i.e., of a set of values 
with the mean normalized to l),for a constant dose irradiation of 160 TL 
detectors. The original data have been presented in Figure 1 of Publication VI. 
Each corrected readout value is the sum of the mean of readout values and the 
difference between the data point and the regression curve fitted to the data. The 
corrected readout values are thus data corrected for the systematic errors 
caused by slow changes in reader sensitivity or in the TLD process. The curves 
represent normal probability density functions parameterized by the sample 
means and variances. Vinten Toledo 654 and Alnor Dosacus readers were used. 
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Figure 6. Distribution of normalized ratios of readout values. The original data 
have been presented in Figure 2 of Publication VI. The postscripts, SA, RA, y, 
and p, stand for standard annealing, reader annealing, y-radiation, and 
^-radiation, respectively. See Figure 5 for more information concerning the 
details presented in this figure. 
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Figure 7. Distribution of normalized ratios of readout values after correction for 
the systematic errors caused by slow changes in reader sensitivity or in the TLD 
prosess. See Figures 5 and 6 for more details. 
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6 PERFORMANCE COMPARISONS 

Let us examine how to estimate the standard deviations, Si, presented in formulas 
(5) and (9). The energy response (the response as a function of radiation energy) 
and isotropy (the response at various angles of radiation incidence) are dependent 
upon each other. Because it is not a question of two quantities, both of which are 
dependent upon a common influence quantity, it is very difficult to express the 
covariance mathematically. Instead of examining two variances and their 
covariance, it is easier to directly determine the combined uncertainty, Si, caused 
by the two TL detector characteristics. The combined uncertainty can be estimated 
by examining the range (X - a)... (X + a), and by calculating the quotient of formula 
(7). Further consideration of these questions is out of the scope of this paper because 
Si depends more upon the choice of TL detector type than upon the instrumentation 
and the system operation. For example, it can be mentioned that a thin powder layer 
or a thin LiF-teflon slice is a good dosimeter for measuring at or near a boundary 
surface while a thick tablet is good for depth-dose measurements. 

Most standard deviations (i.e., those associated with linearity, residue, fading, etc.) 
are insignificant if the TLD process is carefully controlled and the system is 
correctly calibrated (see Chapter 3). Thus, the standard deviations, s„, Sn-i, and sn-2 
(i.e., the type A uncertainty of measurements, the type A uncertainty of calibration 
factor, and the uncertainty of calibration irradiation, respectively), dominate the 
standard deviation s,. 

The accuracies of three different TLD processes are compared in Table III. In 
estimating the component uncertainties, the data presented in Chapter 1, Figure 2 
of Publication VI, and Section 3.3 have been taken into account. The overall 
uncertainties of measurements have been calculated for the case in which the 
number of TL detectors is 10 at each measurement point [i.e., N = 10 in formula 
(9)]. Note that the standard deviation, s„.2(i.e., the S.D. associated with calibration 
irradiation), is sometimes higher than 0.7 percent in normal dose measurements, 
even in the case of ^Co radiation, but in relative measurements without absolute 
calibration (i.e., in determining depth-dose curves and sometimes in making 
intercomparison measurements with mailed TL dosimeters), it does not exist at all. 
In Table III, the overall uncertainty of measurement has, therefore, been considered 
separately for the two cases. Note, however, that in the latter case for which the \ 
standard deviation, Sn, alone is included in formula (9), the estimated overall \ 
uncertainty of measurement applies only to small-scale measurements where the 
reader is assumed to be stable. 
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Table HI shows that the old LiF-powder-based TLD system is still the best if it is 

operated by a very skilled person; however, modern TLD systems are almost as 

competitive if good instrumentation (i.e., reader and annealing devices) is available, 

the processes and procedures are correctly documented, and the operational rules 

are carefully followed. The table also shows that, for relative measurements without 

absolute calibration, the random error (characterized by the standard deviation, s„, 

in Table III) is too high in modern TLD systems. For normal measurements, the 

performances of TLD systems utilizing different TLD processes are nearly equal 

and the choice of a TLD process is greatly a question of convenience. 

Table HI. Comparison of a LiF-powder-based TLD system (Powder), a modern 
TLD system utilizing the traditional TLD process (Traditional), and a modern 
TLD system utilizing the integrated TLD process (Integrated). The standard 
deviations, sn, sn-\, and sn-2, refer to the type A uncertainty of measurements, the 
type A uncertainty of the calibration f actor, and the uncertainty of calibration 
irradiation, respectively. The overall uncertainties, U\ and U2, refer to normal 
measurements and relative measurements without absolute calibration, 
respectively. 

The uncertainties (in 

Powder 

Skilled Normal 

operation operation 

Sn 0.80 

s„i 0.30 

s^2 0.70 

U,1} 1.60 

U2
2> 0.51 

,} U1 = 2 . 

» U 2 = 2 V 

Sp-2 

s 2 

To 

1.50 

0.50 

0.70 

1.96 

0.94 

. c 2 4. Sn 

percents) of various 

Traditional 

1.00 

0.40 

0.70 

1.73 

0.63 

TLD systems 

Integrated 

1.30 

0.20 

0.70 

1.67 

0.82 
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7 RECOMMENDATIONS FOR FUTURE 
DEVELOPMENTS 

A remark that the sources of random error and unknown systematic error have not 
been eliminated sufficiently in the modem readout instruments was presented in 
Publication VI. The fact that the fluctuation of readout values (which is a reflection 
of the batch homogeneity) for the 160 TL detectors measured with a reader based 
on the hot gas heating method is two times higher than that with another reader 
using a planchet heater speaks indisputably for this argument. Furthermore, marked 
unknown sources of error are the only explanation for the conflicting observations 
that the fluctuation in the ratios of readout values is high, but the resulting time 
variation is small (see Figure 8b). Therefore, it seems possible to improve the 
precision of modem TLD systems by very carefully considering all factors which 
influence the geometry of light collection in reader design. The component variation 
of readout values with a close connection to the reader characteristics should be 
completely eliminated. 

Up until now, high cffiency light collection has been the main goal of development. 
However, in designing a reader, it is more important to use mechanical 
constructions in which the tolerances (i.e., the uncertainties in the distance from the 
TL detector to the light-sensitive surface and in the inclination of the TL detector) 
do not influence the precision of readout values; this is especially true for therapy 
dosimetry. Expansion of the materials heated around the TL detector during readout 
will be examined as an essential source of error in designing the critical 
constructions. Further, a hot TL detector should never be moved on a cold plate or 
otherwise touched during annealing in the reader. 

The importance of time interval 1 (the delay between the two main phases of 
standard annealing) as a source of error has not been understood in every TLD 
laboratory. A systematic practice with fixed limits for the time interval should be 
implemented in every laboratory. The storage time dependence of TL sensitivity is 
one reason to study carefully the performances of the current, fully automated 
annealing devices used for those large-scale applications of TLD where a high 
precision of measurement is needed. 

Because of the small size of TL detectors, it is often possible to improve precision 
by using more detectors for each measurement. On the other hand, automation of 
the integrated TLD process could make the operation of modern TLD systems, 
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Figure 8. Normalized ratios of readout values (results of stability tests, see 
Figures 6a and f) for the 160 TL detectors. Note that the fluctuation in test 
results with the Vinten reader varies from time to time, more than with the Alnor 
reader although the results with the former reader are otherwise better. 

which suit large-scale measurements, even more straightforward than it is with the 
old powder-based system. Further development of the integrated TLD process 
could therefore be useful from both the points of measurement precision and 
convenience in system operation. Careful studies on the sources of random error 
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and unknown systematic errors are also useful. The standard deviation of 
measurement results, Sn, should be decreased below 1 percent to make the 
performance of the integrated process comparable with that of the ideal process 
with powder. The sources of short-term fluctuations in reader sensitivity should be 
eliminated. Essential improvements in readout technique are the key to practical 
utilization of the small size and water equivalence (similar mass energy absorption 
and collision mass stopping power with water) of solid LiF detectors in large-scale 
therapy dosimetry applications. Guidelines for the necessary developments have 
been laid down in small-scale experiments, but the gap in knowledge between 
preliminary observations and well-designed routine use may still be wide. 
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y.ICROCC!*PUTER CONTROLLED 

AUTOMATIC TLD READER 

Ber t B j a r l a n d 
Ma t t i Toivonen 

I n s t i t u t e of R a d i a t i o n P r o t e c t i o n 
P O Box 26B, 00101 H e l s i n k i 10 

An automatic TLD reader using a 6800 microconputer 
for process control i s described. The use of a tamper-
ature compensated green LED as reference l ight source 
resul t s in a short term gain s t a b i l i t y bet ter than 3 %. 

Introduction 

Novel one-, two- and three-corcponent dosimeter 
caras for personnel dosimetry have been developed at 
the Ins t i tu te of Radiation Protection^-. The design of 
the cards is shown in f ig . 1. TLD chips, available 
from Harshaw in two thicknesses and thus with different 
response to beta radiation, are permanently attached by 
friction to teflon r ings, embedded in a p las t ic plaque. 
Pig. 1 also shows the basic construction of the reading 
head associated with the cards. Around th is reading 
head two essent ia l ly similar autcrat ic TLD readers have 
oeen developed, the second version being controlled by 
a 6800 microconputer. 

In tne TL reading process cards are moved within 
tne TL reading head in such a way that the chips are 
subsequently heated by a stream cf hot nitrogen gas 
and the emitted TL i s collected by the photanultiplier 
tube below. The gain of the TL reading system i s cont
rolled by means of a reference light source inside the 
tube housing. 

A special feature of the TLD systeir i s the use of 
dosimeter card identity code extensions for storing in 
dividual TL detector character is t ics . Except the iden
t i t y number, the extended identity code includes detect
or individual sens i t iv i ty correction factors, used in 
the processing of TL readings, and the year of cal ibr
ation, used as a cr i ter ion in sorting cards automatic
a l ly for recal ibrat ion. The identi ty code is printed 
in human readable characters on the front of the dosi
meter card and is picked up by an optical character r e 
cognition unit prior to TL read-out. For one- and two-
component cards the code i s composed of a card type 
signum (1 character) , individual sensi t ivi ty correction 
factors for the TL detectors on the card (2 characters/ 
crup; , the year of calibration (2 ch.) and a running 
identity number (4 ch . ) . For special-purpose dosimetry 
three-component cards nc sensi t ivi ty correction factors 
are used. 

The process control concepts applied in the design 
of the TLD reader are described here with emphasis on 
reading s t a b i l i t y . The dosimeter cards and the optimi
zation of the reading process as well as a detailed 
description of the microcomputer application are given 
elsewhere2 '3 . 

control circuitry 

A 6800 based microcomputer was selected mainly 
because of ea r l i e r experience with th i s processor type. 

Manuscript received June 25, 1979. 

Fig. 1. Two-component dosimeter card rup-j-.- l e f t ) , 
TL detector with teflon ring (lower left) 
and the TL reading head -f the reader 
(right) . 1 - TL detector, 2 - heater 
nozzle, 3 - sensing res i s to r , 4 - heating 
res i s to r , 5 - gas supply, 6 - water 
cooling, 7 - optical f i l t e r s , 8 - PM tube, 
9 - LED reference l ight source. 

The rrdcrocciTiputer has an asynchronous communication 
interface adapter module (ACIA for interfacing with 
the 10-bit output of the optical character recognition 
unit (OCR), the 24-bit counter cf the TL reading system 
and 1-bit sense and control s ignals. Two 8-bit digi ta l 
-to-analog converter modules !DACs Are included for 
control of the programmable higr. voltage supply for trie 
photonultiplier tube (PMi and for control cf heating 
power within the gas heating system and an c-bit analoq 
- to-digi ta l converter module IAJC for sens int.: of the 
temperature of the gas. 8-bit accuracy was considered 
sat isfactory. The output of the DAC controlling the 
programmable HV supply, however, had. t - be- level shifted 
to cover the required HV range with sufficient resolut
ion. 

Fig. 2. shows the block diagrac, of the TLB reader. 
A horizontal s l ider , driven by a stepper motor, fetches 
one dosimeter card a t a time from the magazine at the 
input stat ion and transports i t under the wand of the 
OCR to the TL reading head. After the read-out of TL 
the card i s transported to the output s ta t ion, where 
i t i s dropped into ei ther of two output boxes, depend
ing on i t s age and the recorded doses. Microswitches 
at the input, reading and output s ta t ions provide super
visory feedback. 
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card 
magazine 

Fig. 2. Block daagr^.T. of TLD reader. 

Heat control 

The nitrogen gas used as heating medium i s passed 
through a heating res i s to r , the surfaoe temperature of 
which i s sensed by a PtlOO res i s to r . The heatinc, resist
or assembly i s shown in fig. 1. The micrrvanputer cont
rols the power dissipation in the 200 W res is tor by 
adjustments of the fir ing angle of a SCR. The output 
of the controlling DflC i s conditioned by an essent ia l ly 
logarithmic anplifier to give an almost linear relat ion 
between DÄC input and heating power. 

The gas heating system i s Interrupt driven; a 0.86 
Hz signal derived from the system clock i s used to gen
erate the in ter rupts . The algorithm for incremental 
adjustments p of heating power is 

16 (e ) + 0.5 e 

where e i s the difference between the measured temper
ature and the setpoint and e_^ i s the previous differ
ence. The coefficients are selected as powers of two 
to cut the execution time of the algorithm to some 110 
CPU cycles. 

Gain control 

The anode current of the PM tube (EMI 9750 QB) is 
converted to frequency by a charge-to-pulse converter, 
mounted inside the tube housing for minimum lead lengths. 
Tne converter, implement with two very high of f - i so la t 
ion n-channel JFET switches (ID(off) = 1 0 F*' and MDSFET 
inverters , operates l inearly over more than five decades. 

The output of the converter i s integrated by a 24-bit 
counter. The TL reading c i rcu i t ry i s shown schematic
al ly in f ig. 2. The output of the DAC controlling tne 
HV supply i s shifted by a res is t ive network and a 
ing amplifier to produce a HV control rani^c frcr: o51 to 
1000 V with a resolution of 0.6 v. The gain of the 
photcmultiplier and the converter i s con trolled by the 
use of a reference l ight source located inside the 
tube housing. The microcomputer switches the reference 
l ight on for a period of 60 ms and compares the resu l t 
ing oount with a preset value and, if not equal, incre
ments or decrements the high voltage of the PK tube in 
steps of 0.6 V. This procedure i s repeated unti l the 
reference l ight pulse produces the preset count. The 
gain control procedure is executed for every dosimeter 
card, prior to TL readou t . 

The achievable gain s t ab i l i t y is direct ly depending 
on the s t ab i l i ty of the reference l ight . A green l ight-
emitting diode (TTL 222), compensated against temperat
ure variat ions, i s used as reference l ight source. The 
temperature depending parameters of the TL reading sys
tem are LED luminous output, decreasing with 1 %/°C 
!in reality- exponentially) with r ising temperature, LED 
forward voltage, increasing with 2.0 mV/°C, wavelength 
of LED peak emission, increasing with 0.09 nm/°C and 
photomultiplier sens i t iv i ty , decreasino with approxim
ately 1 »/run when the wavelength increases 4 , 5 . 

The decrease in LED forward voltage is used for 
compensation. In the LED c i rcu i t in f ig. 3. the decrea
se in LED forward voltage generates a corresponding 
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Fig. 3. Circuit for teraperavjre compensation of 
LED luminous output. 

relative increase in LED forward o r i e n t , that for a 
specific Vc precisely compensates the relative de
crease in luminous output and tube sensit ivity. The 
compensating voltage Vc is generated by a precision 
voltage regulator with an output --Itage temperature 
coefficient of max 0.015 */°C. Overall gain is 

calibrated with Re to gi-je £.-* correct relation
ship between emitted TL and recorded pulse count. 

Software 

The TLD reader program is written in 6800 assembly 
language and occupies 6 kbytes of IPRCM memory. 128 
bytes of RAM memory are used to strre inputs and status 
and control parameters and to prc ide buffers for ari
thmetic operations and print-cuts. A snail monitor 
program, occupying an additional - o y t e , i s included 
for test and diagnostic purposes. 

After in i t ia l programming c: ^.e isterface area 
and setting of default values ici reading tunes (12 s ) , 
gas tenperature (250°C) e t c . , tne reader waits until 
the default gas tenperature is rei—.ed. The operator 
i s then requested to input tne code letters of the sub
program associated with the card t-pe in question. For 
an input of R (read) followed by N irype signuw of 2-
cemponent cards), the subprocrar of f ig. 4, reading 
2-oomponent cards, i s entered. 

During a dialogue die operator then inputs para
meters modifying the processing of cards, ie detector 
coefficients, background reduction arid card sorting 
criteria. After TL read-out the recorded pulse count 
is f irst multiplied by the respective detector coeffi
cient and then by the respective sensit ivity correction 
factor, which was input as part of the identity code. 
A zero detector coefficient causes the corresponding 
detector to be bypassed witto". reading. The back
ground reduction, which i s sutvracted from the TL read
ing, may be a constant value or an automatically meas
ured and continuously monitored dar* current reading. 
The sorting criteria are the age (years since calibrat
ion) and the dose determining the card to special treat
ment. 

During operation, environmental and hardware error 
conditions are checked periodically and detected errors 
reported a6 error codes over the operator console. The 
operator may then either continue operation, ignoring 
the error, or ini t ia l ize operation. Also unsuccessful 
attempts to read the identity code are reported, in 
which case the operator also may repeat the cede read
ing attempt, input the code manually cr abort the card. 

/ input " ,ZZ.T SZ.z^l 

/ tenyeratvire / 

set teroerature and a w i t '--
sec bund t other oaten 

default values 

print 

3 
adjust gain 
fetch äosoneter 

erase line 
clear EHSTW 
check CO! 

move dosemter to raiding 
station 

read code, check R.E.M «nor! 

read TL; IS CifC 
process IT. reading 

read TL: it C2« 
process TL reading 

move doseneter to 
output station 

I / prir.t line / 

Fig. 4. Subprogram for reading of two-component 
dosimeter cards. 

Performance 

The performance of the heat control system is 
illustrated by f ig . 5, showing the temperature of the 
heating resistor, measured by the PtlOO resistor. After 
saie 4 minutes the temperature variations are maximally 
2 TSCT units, corresponding to 2.6°C. 

The performance of the gain control system is shewn 
in f ig . 6 for different values of the compensating volt
age Vc. The PM tube housing was heated by a hot air 
jet. while the reader was continuously operating, reading 
dosemeter cards irradiated with a known dose. The temp
erature of the metallic wall of the housing, measured 
at the water cooled end, rose to more than 70°C during 
sane 15 minutes of heating. For a compensating voltage 
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210 

200-

190 

180-
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rSET=20«i256"CI 

TSETM92I236"CI 

T SET = 1?6l2lfftl 

t 2 3 rrnn 

Fig. 5. Tenperature of heating res is tor for different se tpomts T5ET. 

Vc = .;.20 V t.ie s tab i l i ty of TL readings was bet ter 
tnar. j • dur:.-ig th i s forced heatinc procedure. When 
nc external heatinc was applied to the PM tube housinq, 
i e . wnen the r i se in temperature was due only to in ter
nal pover dissipat ion, the s t ab i l i t y of TL readings, 
measured as batches of 5 dosejneter cards, read a t inter
vals cf 30 irunutes, was oet ter thar. 3 i during 3.5 hours 
of operation. 

For a general picture of syster. performance, the 
zero dose reading, the residual dose after a high dose 
and the reading s t a t i s t i c s are suroxarizec ir, table I 2 . 

The reader has been in experimental use sane four 
months and so far nc changes in i t s s t ab i l i t y na%« beer, 
observed. Performance degradation due tc soil accumul
ating in the optical systerr thus does not seer to const
i tute any serious problem. 

D/Do 
% 

120-

110-

100 

90-

s ' Vuai2§^——• 

& ^ _ , Vr :2.19V 

^Töov 

' ' i i ' r i r i I I I 1 

10 

detect
or type 

zero dose 
reading 
(mrad) e"s) 

s t a t i s u c s at 1.0 
without ISC with 

rac 
ISC 

residual 
dose 

thick 
tnm 

11 

21 

Table I . Performance when readme LiF TLD-100 
detectors with and without individual 
sensi t ivi ty ccrrectuon factors (ISC: 
applied. 
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INFORMATION CONTENT IN TLD: AUTOMATED CONTROL OF BACKGROUND SIGNALS 

MattiTOIVONLN 
Institute ^l Radiation Protection. P.O. ISux 26S. SF-Q01Q1 Helsinki 10. [inland 

Monitorini: of the background f low during the post-readim: annealing cycle is a useful basis fur background reduct ion and for 
vilciiurunii: aeainst elevated spurious background. 

1. Introduction 

Microcomputer control ot our TLD reader \\\ 
!;,.K!C it possible to store data tor detector sensitivity 
coriecttons on dosimeter cards [2]. This paper pre
sents a study of the possibility ot" using the additional 
inloim.iuni) obtained during die post-reading anneal
ing cycie t'or further iinpiovenients ot accuracy. 

annealing, and for the read-out value, respectively. 
The reading background and the value o\ the R\' to 
PV ratio was determined for notiirradiated detectors, 
tor detectors with residual TL t'roni a previous irradia
tion and for detectors with increased spurious back
ground. 

3. Results and discussion 

2. tquipinent and methods 

l';g i illustrates the Tl. detectors equipped with 
ll.irshaw 1 il; ribbons or with IBK f3J CaSO.i : Dy 
dis^s used in the experiments. Hot nitrogen is blown 
through a nozzle located above the TLD ribbon or 
ili.s .̂ which is permanently fixed in a protective teflon 
nil;.:. Altci the 12 s read-out cycle a second reading is 
obtained during the 6 s annealing cycle, Fig. 1 also 
.hows the glow characteristics and the annealing cycle 
puoi to which the TL reading is integrated starting 
with a 0.5 s delay from the beginning of heating. 

The abbreviations PV and KV are used later in this 
paper tor the post-information value obtained during 
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I if. 1. ( ' .instruction of the I d and CaSO, II detectors and 
the II and spurious background itlovv characteristics, (ias 
.'cinpcratures were ..'511 ( and 290 ( lor I i) ,,;K) I'.iSDt. 

respectively. Sec lest lor the shaded area 

The results are shown m table 1. The RV to PV 
ratio ranges from 0.55 to QJh lor LiF detectors and 
from l . ld to 2.69 for CaSO., detectors. Background 
reductions of 0.5 PV and 1.1 PV were made for the 
45 LiF- and 35 CaSO.t background measurements 
summarized in table 1. respectively. With LiF detec
tors the background now was (24 t 16) laGy when 
normally read, (46 ± IS) iiGy with air How heating 
and (70 + 61) ijGy with contaminated detectors, the 
error limits being the 2n values. When rereading 
detectors several times alter irradiation the back
ground was ( 17 Jt 26) /Aiv, the value being nearly 
independent of the previous number of readings. The 
background of CaS04 detectors was (2 * 1) /jGy in 
normal reading, (13 i 9) uGy in air flow and (8 t c>) 
irGy with contaminated detectors. The background 
for the second reading after irradiation was (24 + 13) 
/i(iy and for the third to tilth readings (3 + 7)/aGy. 

The 2a ranges of background readings without 
reductioji were I I /jGy and I juGy for LiF and CaSO., 
detectors, respectively. Thus the lollowing conclu
sions may be drawn. If the residua! TL is cleared com
pletely by regeneration before reuse of dclectois the 
accuracy neither in 111 not m CaSO.i dosimetiy can 
be significantly improved by monitoiing the PV 
values, hut safeguaidini' against accidentally used 
background can be convcnicntls arranged in our 
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•' Mean value and coefficient ot variation tor five deteetors. 
'' exceptionally read usini: 18s heatine, cf\ lie. 1. 

icadcr. which is equipped with two dosimeter card 2 niGy from a single period are automatically sorted 
exits [2j. In environmental dosimetry the cumulative out lor regeneration the system is able to keep the 
dose from several periods of use at least 20 niGy can measuring background nearly unchanged in practice, 
be monitored without regeneration of CaSOa detec- The elimination of the need for regeneration in oven 
tors in oven. If the detectors with doses exceeding is of special interest for CaSOd detectors, because 

the temperature treatments seem to cause changes in 
background characteristics, which are scarcely notice
able in the PV, as the shaded area in fig. 1 illustrates. 

o Fig. 2 gives the effect of variation of gas temperature 
L LiF - m on the ratio of RV to PV. The curves show that the 
QIOO- 10' ° '' / :L background reduction system is not critical to minor 
3 / J3 > instabilities in the reader operation. 
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Mailing thermoluminescent (TL) dosimeters for exposure by users of diagnostic x-ray equipment 
is a simple and inexpensive way of monitoring output from x-ray units. The readings given by TL 
dosimeters were originally compared with ionization chamber measurements and shown to give 
reliable and compatible results. Mailed TL dosimeters alone were later used in a university 
hospital to check the functioning of exposure timers in thorax and Bucky stands. A thorough 
survey of the outputs from all x-ray units in use throughout the country can be performed within a 
few months using this technique. 

INTRODUCTION 

Several investigations have shown that patient doses vary 
considerably in a single radiological procedure.' Fifty-fold 
differences in doses in photofluorography of the chest have 
been found in Finland.2 The mean input surface dose equiva
lent in the posterior-anterior projection was 4.4 mSv with a 
range of 0.5-27 mSv. The output exposure values from x-ray 
units in Finland have also been found to vary by up to six
fold"' 

Phototimers usually consisting of three ionization cham
bers are currently used extensively in Bucky and thorax 
stands Any combination of the three chambers can be used 
for timing the exposure. Most phototimers are also equipped 
with " - " and" - "switches for changing the sensitivity of 
the phototimer fields as a function of patient thickness. Re
peated quality control measurements of x-ray units4 and the 
error frequencies in these surveys' show that the number of 
times a phototimer malfunctions is significant. 

In vie» of the large number of x-ray laboratories in Fin
land, a simple and inexpensive method based on the mailing 
of dosimeters is needed for a quality control program. The 
mailed thermoluminescent |TL) dosimeter method is tested 
by sending dosimeters from the Institute of Radiation Pro
tection IRP) to the Department of Radiology at Turku Uni
versity Central Hospital (TUCH). The relative sensitivities 
of different phototimer fields in all Bucky and thorax stands 
m use in the Department are investigated by fine tuning the 
* and - switches with the most frequently used kVp and 
focus-film distance (FFD) settings. 

METHOD 

TL dosimeters based on Harshaw LiF TLD-100 dosi
meters and a new microcomputer-controlled dosimeter 
reading device developed at IRP are used.''" The dosimeters 
are regenerated before use by means of a single reading pro
cess Fading of luminescence Ithe 100 °C glow peak) due to 

the instability of LiF traps is about 20% during the two 
weeks following an exposure made immediately after regen
eration. When the detectors are exposed one week after re
generation the fading is only 5%. This thermal stabilization 
in LiF is illustrated in Fig. 1. The 100 *C glow peak largely 
disappears during the two-week storage after regeneration. 
In practice, this phenomenon puts certain major restrictions 
on the use of mailed TL dosimeters. The scheme of exposure 
measurements using mailed TL dosimeters with an approxi
mate schedule is shown in Fig. 2. 

The zero-dose reading of the TL dosimeters is about 40 
ftSv and the background radiation reading (after direct expo
sure) without a cover is about 150/iSv after three weeks. The 
standard deviations in both cases are below 10 /iSv. The 
background radiation varies from 20 to 30 /iSv over three 
weeks in different places, so that background radiation is a 
more important source of error than the zero-dose reading in 
the mailed TL dosimeter method. 

Figure 3 shows the response of LiF TL dosimeters to x-ray 
qualities between 40 and 150 kVp with a total filtration of 4 
mm Al measured at the secondary standard laboratory of 
the IRP and calibrated against Co-60 radiation. The mean 
conversion factor due to the response of TL dosimeters to x-

Flo ' The glowcurvesofdosimeterseaposed arid read immediatelylaland 
read two weeks (bi after regeneration 
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Flo 2. Scheme of exposure measurements using mailing TL dosimeters 
with an approximate schedule 

ray radiation is 0.7? in thorax imaging and 0.75 in other 
examinations. The uncertainty in the response of LiF detec
tors is below 5% in the range of diagnostically useful x-ray 
energies. 

In the system described here, the correction coefficients 
for differences in individual sensitivities of the detectors are 
determined for all TL dosimeters using a Sr-90 source and 
equating each coefficient with the deviation of the reading 
from the mean. Measurement showed that the shape of the 
distribution of individual sensitivity correction coefficients 
for 155 TL dosimeters was like that of Gaussian. Some 95% 
ofthe corrections are less than 5% and 83% less than i% 
[standard deviation |SD) = 2.5%]. 

RESULTS 

The comparison between TLD and ionization chamber 
measurements is presented in Fig 4. It shows the distribu
tion ofthe ratios of 168 ionization chamber measurements to 
TL dosimeter readings. The dosimeters were irradiated in air 
with a constant m As setting and a kVp setting varying 
between 60 and I50kVp. The exposures varied between 0.03 
and 120 mSv. The distributions are shown separately for all 
the dosimeters and for those irradiated with over 0.5 mSv 
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FIG. 4. (a) Comparison between TLD and ionization chamber measure
ments. The solid line includes only exposures over 0 50 mSv and :he dotted 
line also includes exposures below 0.50 mSv. [b! Comparison ber»een TLD 
and ionization chamber measurements The distribution includes only ex
posures over 0.50 mSv. TL readings include individual sensicivtry correc
tions. 

(Fig. 4) with and without corrections for individual sensitivi
ties ofthe detectors. 

Figures 5 and 6 show the results of mailed TL dosimeter 
measurements performed with the phototimers at TUCH 
and at some other hospitals. Both the sensitivities and the 
effect of the + and — switches of the three phototimer 
fields were determined by switching each ofthe chambers on 
in turn. The hospital x-ray technicians made the measure
ments on the surface ofthe Al phantom according to written 
instructions from the IRP. Each TL dosimeter was exposed 
5-10 times to ensure that the exposure exceeded 0.5 mSv. 

The percentage deviations in the sensitivities of the left 
and right chambers from the middle chamber of the expo
sure timers are presented in Fig. 5. Figure 6 shows the effect 
of the fine tuning ( + and - switches! of the exposure ex
ceeded 0.5 mSv. 

The percentage deviations in the sensitivities of the left 
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FIG. 3. Response of LiF TL dosimeters relative to Co-60 

Flo. 5. Deviation of sensitivity m the left and right chambers from that of 
the middle chamber The unshaded area shows the results obtained with 
mailed dosimeters at TUCH and (he shaded area (hose obtained at certain 
individual hospitals 
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FIG. 6. Effect of fine tuning photometers normalized to the middle control. 
The unshaded area shows the results at TUCH and the shaded area at 
certain individual hospitals 

and right chambers from the middle chamber of the expo
sure timers are presented in Fig. 5. Figure 6 shows the effect 
of the fine tuning! + and — switches) of the exposure tim
ers. 

The mean dose equivalent in the thorax stands measured 
with phototimers was 0.23 mSv, range 0.13-0.54 mSv. The 
corresponding mean for Bucky units with phototimers at 70 
kV was 0.96 mSv, range 0.32-2.13 mSv. 

DISCUSSION 

Figure i •"•)) shows that nearly all exposure values mea
sured v. -.i TL dosimeters and ionization chamber agree 
within x ' yc. There is no systematic error in the results, so 
that t> T! D technique proposed in this study is a reliable 
way ot measuring the exposure from diagnostic x-ray units. 

Figure 5 shows that the sensitivities of the three photo-
timer fields differ from each other up to 40%. In a few cases, 
the side fields were even tuned to a higher sensitivity than the 
middle one. The sensitivities of the fine tuning (Fig. 6) varied 
from 0% to 90%, the set value being mostly 25%. The effect 
of the fine tuning in some other cases was the reverse of what 
it should have been. There are no consistent instructions in 
the literature for the function limits of phototimers, except 
perhaps those given by Hendee el al!* 

The measurements and error estimations made in this 
study show that the mailed TL dosimeter technique func
tions at well below 10% accuracy (95% significance), pro
vided that the exposure exceeds0.5 mSv. This is, in any case, 

a practical lower limit of exposure determined by the vari
ation in background radiation over three weeks. 

It is concluded that «he accuracy of ihe mailed TL dosi
meter technique is adequate for exposure measurements 
(over 0.5 mSv) in the diagnostic energy range even without 
an individual sensitivity correction. However, if dosimeters 
of different consignments from the manufacturer are later 
mixed, the mean values of uncorrected and corrected distri
butions do not coincide and corrections for differences in 
individual sensitivities of TL dosimeters are of more impor
tance. The technique works well, in practice, as already 
found in TLD measurements in x-ray diagnostic units'" and 
radiotherapy units."-'2 It is possible to perform a thorough 
survey of exposures from all the x-ray units in the country 
within a few months. The mailed TL dosimeter technique for 
radiology presented here is suitable for regular exposure 
measurements of phototimers and automatic brightness 
controllers in fluoroscopy, x-ray dentistry', etc. 
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ELIMINATION OF ERROR SOURCES IN TLD BY USING 
AN AUTOMATIC POST READING CALIBRATION 
PROCEDURE FOR EACH MEASUREMENT 
M . J . Toivonen 
Institute of Radiation Protection. 
P.O. Box 268. 
SF-IXH01 Helsinki 10. Finland 

Abstract Accuracy in thermoluminescence dosimetry can be improved by correcting for differences in sensitivity of the 
individual TL detectors. For this purpose we extended our reader system by adding the option to calibrate automatically 
each detector, using a built-in ""Sr source. Errors which are due partly to radiation sensitisation. caused by doses at 
radiotherapy level, could be kept as low as 4.5% (2a). 

INTRODUCTION 

Both precision and accuracy in thermo-
lumineseence dosimetry can be improved 
significantly by using sensitivity factors for each 
(solid) detector to correct the measuring result. It is 
not unusual for this purpose to keep records of the 
individual sensitivities of the detectors used. 
However, this method works only if no changes in 
sensitivity occur. In radiation therapy, where doses 
are typically from 2 to 5 Gy. sensitisation may take 
place, and we observed a slight increase in sensitivity 
of I..iF (TLD 100) after one or two times. It is not 
uncommon to remove this effect by applying a high 
temperature anneal and calibrating the detectors 
before reuse or periodically. 

As an alternative method, we calibrate each 
individual detector immediately after the actual 
readout. This has the advantage that the corrections 
for the differences in detector sensitivities are valid 
even if the detectors have been sensitised during 
previous use or in the actual measurement. The 
disadvantage of this procedure, however, is that the 
accuracy of such corrections is affected by a residual 
signal, remaining from the first readout, which shows 
up during the readout following the calibration 
irradiation. We therefore investigated the validity of 
such a post-use calibration procedure. 

PROCFDURFS 

The investigation was carried out using the TLD 
system of the Institute of Radiation Protection in 
Helsinki"'. Figure 1 shows a diagram of the TLD 
reader and the consecutive steps under both the 
normal and a special mode, the latter featuring 
automatic irradiation of the dosemeter. The figure 
also shows how the detectors arc mounted in 

dosemeter cards as well as the shape of the typical 
glow curve of the LiF TLD-UK) 3.13 x 3.13 x I).HH 
mm3 ribbons when irradiated and read immediately 
after a high-temperature anneal in the reader. Hot 
nitrogen gas is used as the heating medium. 

If the reader operates in normal mode (Figure 1). 
the measuring result DN is calculated by 

DN = RV - C„ x PV (1) 

where RV is the readout value obtained from the 
regular 12 s readout, while PVisthe integrated signal 
during a 3 s anneal cycle which immediately follows 
readout i : ' .CMisanempirically determined coefficient, 
which relates PV to the residual luminescence that is 
left over from previous usage of the detector. A value 
of 0.74 ± 0.40 (2o) for CH was found in the following 
way: Ten unused detectors were irradiated by "'Co 
gamma radiation to a dose of about 4 Gy and read 
(including the 3 s anneal cycle) The detectors were 
then read a second time to obtain the value for the 
residual information, i.e. RV- and its corrresponding 
value PV-. CH was taken as the mean of the ratios 
R W P V / 

For each TLD, the result DN . obtained under 
normal mode condition and stored on discettc, can he-
corrected for its momentary sensitivity by running it 
again through the system which is then set in the 
special mode (see Figure 1) for recalibration. using 
the '"'Sr source. The result D s , is calculated in 
accordance with liquation I. The corrected value. I), 
becomes 

ix = (iyi\) ix. (2) 

where D p is a preset reference value that relates DSr 

to a "'Co calibration dose. The irradiation time with 
the ""Sr source is 3s, which corresponds to a dose of 
0.2 Gv. 
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Fieure 1 TL detector and its fixing with a Teflon ring into the dosemeter card; basic scheme of the TL reader and its 
operation, glow curve and the time interval of the post information value (PV) measurement 

EXPERIMENTAL DESIGN 

The effectiveness of the above procedure was 
tested by doing the following experiment: Five TL 
detectors were irradiated with N,Co gamma radiation 
to a dose of 0.5 Gy. read in the normal mode and 
(re)ealibrated using the special mode. This was done 
five times. In a sixth sequence we increased the dose 
to 5 Gy. after which a seventh sequence, with a dose 
of 0.5 Gy. completed the experiment. Between each 
sequence, we moved each detector to another card, 
using cyclic permutation among the five cards, in 
order to track down possible variations caused by 
individual differences between the cards. 

With complete dosemeter cards, we can diminish 
random uncertainty by selecting only those cards 
which repeat their readings well. Note that between 
the normal and special modes of operation the 
ribbons were not detached from their cards. The 
single cards used for this study were randomly 
selected. They repeated their readings within 3.(1".. 
(2o). on the average The random error after the post 
reading calibration, (i.e. the quadratic sum of the 
uncertainties in the actual readout and in the reading 
of the beta dose) was thus 3.0'\. (2o) multiplied by 
the square root of 2. However, some sources of error 
were neglected, and thus the true total uncertainly is 
slishtlv hicher than 4.2",, |2o). 

RESULTS AND DISCUSSION 

Figure 2 summarises the results obtained after 
various irradiations and also those values of 
automatic background subtraction which are of 
decisive significance for the final results. The 
comparison of parts (a) and (b) in Figure 2 shows that 
the post reading normalisation corrects the marked 
deviation from linear response caused by the high 
dose of 5 Gy. Except for the sixth sequence, the 
scatter of results is reduced, on average, from r>.S to 
4.5"o (2o). which is close to the expected value (see 
the previous chapter). Note that the value of 
deviation in the background subtraction, which is 
shown to be about 0.2% in part (d) of Figure 2. is a 
significant source of error in excess of those evaluated 
before. On the other hand, the post reading 
normalisation eliminates the effect of eventual drift 
in the long-term operation of the reader. The 
uncertainties due to the short-term operation 
(at least one minute) must be accepted as a source of 
error because ho! detectors cannot be irradiated 
Therefore the reader is not programmed to perform 
the post reading calibration immediately after the 
actual readout of each detector 

A curious feature appears in parts (a) and (c) of 
Figure 2. In fact, the readout statistics after the beta 
irradiation are better than after the camma 
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Figure 2. The average values, highest and lowest values (error bars) and standard deviations in measuring the 0.5 Gy dose 
five times, the 5 Gy dose once and the 0.5 Gy (DN) dose once again. The same values after the post reading normalisation 
(Ds) are also shown, together with the values obtained from the associated '"Sr source irradiations (DSf) and the effect of 
background subtraction (CB x PV) on the post re-ding normalisation. The subscript 'i' refers to the ith sequence of 

measurement and (1) means that DN 6 or Ds„ is divided by ten. 

irradiation. To explain this, for each of the five single 
detectors, the repeatability was calculated when the 
gamma doses of 0.5 Gy in the first five sequences 
were measured. The average uncertainty was 6.4% 
(2o). The comparison of this value to the 
corresponding value of 6.8% (2o) averaged over the 
results shown in part 1 of Figure 2, suggests that the 
main source of error is inaccuracy in the readout 
technique. The inhomogeneity of the five Harshaw 
TLD ribbons is probably far less important (tenth of a 
percent). 

The TL readout is very sensitive to a minor 
displacement of the detector along the central axis of 
the PM tube'-1'. When the displacement is towards the 
photocathode. it causes an increase in the readout 
value; but in our reader, it also causes a decrease in 
the dose irradiated with the wSr source from the 
opposite direction. This compensation, which holds 
for the beta dose but not for the gamma dose, seems 
to explain the problem. 

The values of background subtraction (CB x PV) 

in part (d) of Figure 2 are given relative to the values 
of DSr associated with them. Their effect on the final 
results D s is expressed directly in per cent, except for 
the sixth and seventh sequences where it is in tens of a 
per cent. Of course, in the sixth sequence the effect is 
the highest, varying from 1.5 to 5%, which explains 
the marked increase in the scatter of the results in the 
post normalisation procedure for the beta dose, 
being too low compared with the dose in the actual 
measurement. 

The background readings after the seventh 
sequence ranged from 0.27 to 1.95 mGy when the 
background subtraction was omitted (CB = O). 
Using the value of 0.74 for CB in Equation 1, negative 
results with the absolute value in the range from 1.00 
to 0.16 mGy were obtained. The larger scatter in the 
case of omitted background subtraction suggests that 
Equation I may be a useful basis for the dose 
calculation if the TL detectors are repeatedly reused 
without removing the residual luminescence with 
prolonged high-temperature annealing. 
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AIR KERMA INTERCOMPARISON AT ^Co BY SOLID TL 
DETECTORS 
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PO Box 26S. SF-00101 Helsinki. Finland 
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Abstract — Air kerniä produced bv "Co gamma radiation from two laboratories «ere compared bv irradiating 
dosemeters on the same d.n in Sao Paulo and in Helsinki The thermoluminescent fading ot the posted doscmeters was 
controlled bv pcrtormui;; irradiations in the same laboratory l.< days before and ID days alter the irradiation oi the 
reference iiroiip. The ratio of the air kerma \allies as determined from the irradiations m the two laboratories was |M)~1 
: o o|h. at the *'?'' confidence level The uncertainty caused b\ fading was shown to be negligible. The difference ot 

about ,; '•• in the au kerma values was thus clearly demonstrated bv the TLD method Systematic and random errors in 
I I I ! with solid detectors are discussed together with methods for their minimisation. 

INTKODl CTION 

When dosimetrv activities with ""Co gamma 
radiation began at the Instituto de Pesquisas 
Encrgctieas e Nuclcares (Sao Paulo) in ll>8l. a 
suitable lonisation chamber for precise air kerma 
measurement was not available. Therefore an 
mtercomparison of air kerma measurements 
between the Sao Paulo Laboratory and the 
Secondary Standard Dosimetry Laboratory of 
Helsinki was carried out with posted TL 
dosemeters. The tntereomparison was based on the 
principles introduced by the IAEA for studying the 
pertormance oi therapy centres' '. The work also 
sought to study the uncertainty caused by fading in 
this tv pe oi intercomparison. 

MATERIALS AND METHODS 

Equipment 

A prototype TLD system developed in the 
Finnish Dosimetry Laboratory was used in this 
study -'. A special property of the system is that the 
Harshaw LiF TLD-100 chips are permanently 
attached to the dosemeter cards with a Teflon ring 
with no plastic cover on the sides. Earlier experience 
has shown that approximately half of the dosemeters 
repeated their readings very well, the coefficient of 
variation being in the range 0.3 - 0.7",,. Selected 
dosemeter cards were therefore used in this studs. 

It has been shown that the minimum pre-
irradiation annealing (i.e. the minimum annealing to 
emptv all filled traps I gives the lowest standard 
deviation of readout values1 '1 ' . Therefore, a 
modified standard anneal was used to prepare the 
detectors for the intercomparison measurements 
The dosemeters were first processed in the reader 

and then annealed for lo h at N0CC. During the low 
temperature anneal, the dosemeters were placed in 
the middle of a large, circulating air. heat box where 
the temperature gradients would certainly be very, 
low. 

A highly reproducible constant dose irradiation is 
needed to determine detector sensitivity factors. A 
'"'Y/""Sr |i radiation source is well suited for 
irradiations with the prototype system because there 
is no protective cover above the LiF chip on the 
dosemeter card. The irradiations were made with a 
special device developed in the Finnish Laboratory. 
The TL dosemeters were displaced at a constant 
speed below the \\ radiation source at a distance of 
about 4 cm. Our experience has shown that it is very 
difficult to obtain comparable precision when 
irradiating large numbers of dosemeters with a 
gamma radiation beam. 

Detector sensitivity factors 

No study has yet been done to show which 
method for determining detector sensitivity factors 
would he the best. In this study the TL dosemeters 
were annealed by processing in the reader: 
irradiated to a dose of ~ .10 mCiv: and annealed for 
24 h at room temperature, and finally read 

The detector sensitivity factors d, of the .Vi II 
detectors used in the study were calculated using the 
equation 

1 

3d i. r. 
11) 

were r. is the readout value ot the i-th 11 detector. 
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Note that the pre-irradiation annealing was expected to be a significant source of error since the 
different from that given in preparing the detectors time taken to read the 24 dosemeters of the four 
tor the inteaomparison measurements. The groups was less than K) min. and the reader was well 
correctness of this apparently illogical practice will stabilised - . 
be verified in another paper'"'. 

Experimental design 

After being read to determine the detector 
sensitivity factors, the II. detectors were stabilised 
by low temperature annealing preparatory to the 
actual measurements. The dosemeter cards were 
then packed in thin plastic bags and finally divided 
into six groups of six dosemeters each (total 3b) for 
use in the following way: 
(1) Dosemeter Groups 1 and 5 were sent to Sao 

Paulo, the former group for irradiation in the 
gamma beam and the latter for background 
control. For fading control. Groups 2 and 3 
were also sent to Sao Paulo and returned to 
Helsinki with Groups 1 and 5. The dosemeters 
of Group 2 were irradiated in Helsinki before 
being posted to Sao Paulo and those of Group 3 
were irradiated after their return from Sao 
Paulo. 

(2) Dosemeter Groups 4 and (S were retained in 
Helsinki for the actual measurement and 
background control, respectively. 

Dosemeter Groups I and 4 were irradiated to the air 
kerma of 5(M) mGy on the same day in Sao Paulo and 
Helsinki, respectively. 

The dosemeters were divided into the first four 
groups by cyclic permutation. Dosemeter Number 1 
was put into Group I. dosemeter Number 2 was put 
into Group 2. etc. The purpose of the cyclic 
permutation was to minimise the effects of 
systematic error caused by the drift in reader 
sensitivity on the results given by the various 
dosemeter groups. Drift in reader sensitivity was not 

RESULTS AND DISCUSSION 

Indication of .small differences in air kerma 

The results of the intcrcomparison are given in 
Table 1. 

With respect to the 95% confidence intervals (see 
Table 1). the difference in the mean values between 
Groups 1 and 4 is significant. It has thus been clearly 
demonstrated that a small difference exists between 
the air kerma value of the two laboratories. 

The results of the fading control dosemeters 
fluctuate quite logically about the reference value 
1.000 of Group 4. It has thus also been 
demonstrated that there is no significant difference 
in thermoluminescent fading between the 
dosemeters irradiated in Sao Paulo and those 
irradiated in Helsinki 

Comparison with powder based TLD 

Before the results of Table 1 are examined 
further, it is useful to bear in mind that the readout 
values were multiplied by the detector sensitivity 
factors (see Equation 1) before calculating the 
rcults. The coefficients of variation given in Table 1 
thus illustrate the ratio of two readout values. To be 
comparable with the values of the coefficient of 
variation given earlier for the readout values of 
repeated measurements with a single detector, the 
values in Table 1 should be divided by the square 
root of two. After being reduced in this way. the 
values correlate very well with earlier data. It can 
thus be concluded that the TLD system was ideal 

Table 1. Ratio of air kerma corresponding to irradiations performed in Sao Paulo and Helsinki I Dosemeter (iroups I and 4) 
and the thermoluminescent fading of dosemeters irradiated 13 days before and 10 days after the reference group from 

Helsinki (Dosemeter (»roups 2, 3 and 4). 

Dosemeter group 

No and Purpose 

1 Actual measurement 
2 Fading control 
3 fading control 
4 Actual measurement 
5 Background control 
6 Background control 

Laboratory 

Sao Paulo 
Helsinki 
Helsinki 
Helsinki 

Irradiation 

Time (days) 
after 

preparation 

14 
1 

24 
14 

Time (davs) 
before 

readout 

21 
34 
11 
21 

Mean value of 

the 95% confi
dence intervals for 
each group of six 

dosemcters* 

0.971 ± 0.010 
0.987 ± 0.006 
1.005 ± 0.010 
1.000 ± 0.014 

Coefficient 
of variation 

for six 
dosemeters 

(%) 

0.9 
0.6 
0.9 
1.3 

The results have been normalised to unity for Group 4. as the fading control dosemeters (Groups 2 and 3) were 
irradiated in Helsinki in precisely the same way but at different times from the dosemeters of (iroup4. 
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with respect to systematic errors, i.e. elimination of 
systematic errors was good, and the cvclic 
permutation of the readouts between various 
dosemeter groups did not increase random error. 

The coefficient of variation of the readout values 
is typically one per cent when measurements are 
made very carefully with powder. Similar 
reproducibility of results could be obtained here in a 
small scale intercomparison with solid LiF detectors. 
Note, however, that the simple method of 
eliminating systematic errors through use of the 
cyclic permutation of readouts is not applicable for 
large scale intercomparisons. With the use of a more 
complicated method, the combined uncertainty will 
be higher because of increased component 
uncertainties in the svstem. 

Recommendations for further studies 

The most serious limitation to the large scale use 
of solid TL detectors in precision dosimetry is the 
difficulty of reducing systematic errors to an 
insignificant level. Therefore, a useful further study 
would be to verify whether or not the TLD process 
could be modified so that detector sensitivity factors 
could be determined after the actual readout and 
incorporated into the calibration procedure in a 
more natural manner than in present TLD systems. 
If the time difference between the two readouts 
could be reduced to about five minutes, the drift in 
reader sensitivity would no longer be a serious 
source of error, and the basic problem encountered 
in large scale precision measurements would be 
eliminated'5'. 
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Developmental Study on Thermoluminescence 
Dosimetry: Two-Step Calibration Instead of 

Detector Sensitivity Factors 
Matti J. Toivonen 

Abstract—The paper shows bow to facilitate the use of solid 
TL detectors in clinical measurement applications at therapy 
dose level by considering the two measurement cycles (i.e., tbe 
actual measurement cycle and tbe cycle intended for detector 
sensitivity normalization purposes) as a single process including 
self-correction for the errors caused by drift in reader sensitiv
ity. 

I. INTRODUCTION 

IN a wide questionnaire on TLD in its clinical applications 
at the end of the 1970's a majority of hospital physicists 

replied that the old LiF powder-based TLD system is the 
most precise [I] . Solid TL detectors were of interest, but 
their measurement precision was not sufficient and varied 
much from one laboratory to another. Today (ten years later) 
automatic TL dosemeter readers have become prevalent, but 
principally the TLD systems with solid detectors are still the 
same. It also seems that diodes have shown more rapid 
progress than TL dosemeters in therapy level dosimetry (2], 
although some of their dosimetric characteristics are rather 
poor. For these reasons it is worthwhile to examine modern 
TLD systems carefully from a metrological point of view. 

It is difficult to use modem TLD systems in clinical 
precision measurements where correction for differences in 
detector sensitivity is needed, because in some TL materials, 
for instance in LiF, it is difficult to reproduce TL sensitivity 
precisely and reader sensitivity may drift both during actual 
measurements and during detector sensitivity normalization 
measurements. It is therefore no wonder thai operators in 
TLD laboratories do not sufficiently understand the sources 
of error in the processes. A comprehensive paper on TLD 
measurement errors in environmental dosimetry was written 
by de Planque and Gesell in 1976 [3]. Fading and detector 
sensitivity problems in environmental and personnel dosime
try had also been given careful consideration before [4]. 
Most clinical measurements are, however, made in labora
tory conditions and many sources of error that are specific to 
field measurements can be carefully controlled. It is also easy 
to correct for errors that are specific to the detector type (i.e., 
errors due ;o energy or direction dependent response) be
cause the irradiation conditions are well-known. Conse

quently, the errors that are caused by instrument (i.e.. reader 
and annealing equipment) instability are serious in clinical 
measurements, and this work focuses on these questions. 

It has been proposed that by making TLD systems fully 
automatic, operational problems in laboratories would be 
reduced [5]. The TLD processes in use in various laborato
ries, however, differ from each other in one way or another. 
The TLD process that is examined in this publication is 
especially designed for automatic TLD systems, and offers 
special advantages in calibration arrangements. The process 
has not been implemented in any commercial TLD system, 
but it is already included as an alternative in a prototype 
system [6]. 

In the archaeological applications of TLD. it is necessary 
to normalize the TL sensitivity of each measured subsample. 
For precision measurements in this field, an automatic reader 
using ideas similar to those put forward in this paper has 
been presented by Boner-Jensen and Mejdahl [7). 

II. SYSTEM DESCRIPTION 

A. Calibration 

A TLD with solid TL detectors differs essentially from a 
TLD with powdered material because two measurement cy
cles are needed; one is needed for the actual measurement 
and the other for the determination of the detector sensitivity 
factors. 

The traditional equation for calculation of measurement 
results is 

D^fd-r (1) 

where 

D absorbed dose or any other quantity of interest to be 
measured 

/ calibration coefficient 
d detector sensitivity factor; i.e., the raduo r„,/rnl, 

where fn( is the mean of the reference readout values; 
i.e., the mean of the readout values for a reference 
dose irradiated with a special source and rref is the 
reference readout value of a single detector 

r readout value for the unknown dose of the actual 
measurement. 

Manuscript received November 20, 1989; revised January II. 1990. A n alternative expression to (1) is 
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where the apparent reference dose D„ is the product of the 
calibration factor / and the mean reference readout value 
fn(. Thus (2) is a better staning point for error estimation 
because it clearly illustrates that the uncertainty of the ratio 
of readout values r/rnf must be evaluated for systems with 
solid TL detectors, while it is enough to evaluate the uncer
tainty of the readout value r for powder. 

Independent of the type of detector (powder or solid 
detector), traditional TLD systems must be calibrated fre
quently because reader sensitivity may drift. In the integrated 
TLD process, i.e., in the process that will be examined 
thoroughly later in this paper, this rule is no longer valid. 
The reference measurement cycle comes after the actual 
measurement cycle and is completed within 5 min after the 
actual readout. That is why a slow drift in reader sensitivity 
does not affect the ratio of the readout values r/rnf signifi
cantly. In practice this kind of process can be realized by 
overlapping the two measurement cycles. 

In the integrated TLD process it is enough to determine the 
apparent reference dose D„; i.e., to recalibrate the reference 
irradiation source only once per batch of TL detectors pre
pared at the same time with the standard annealing (lh at 
400"C and 24 h at 80"C). The calibration of the TLD system 
is thus made in two distinct steps; in the first step, by 
irradiating a sample of calibration detectors to a known dose 
with a w C o 7-radiation source, for example, and in the 
second step, by irradiating every detector to a constant dose 
with a " 'Y/^Sr jS-radiation source automatically in the 
reader. In the second step, thermoluminescence measurement 
is stabilized principally in the same way as light measurement 
is stabilized in the Vintcn TLD readers and in our prototype 
reader. 0-radiation sources must be used because a high dose 
rate is needed without increasing background dose rate in the 
PM tube housing. 

B. Additional Error Sources of the Integrated TLD 
Process 

It is apparently confusing to use standard annealing in 
preparing TL detectors for actual measurements, and reader 
annealing in preparing them for reference measurements, 
because the latter results in more sensitivity than the former. 
Calibration detectors, however, undergo exactly the same 
process as measurement detectors and thus the apparent dose 
D„ (see (2)) includes correction for the detector sensitivity 
difference between the two measurement cycles. The open 
question, which later in this work is called the annealing 
problem, is whether the sensitivity difference is reproduced 
from one detector to another because the glow-curve shape 
may vary especially when TL detectors have been irradiated 
and read soon after reader annealing. The errors in repro
ducibility are reflected in the ratios r/ rnl (see (2)) and thus 
also in the measurement results. 

The radiation problem,' i.e., using different radiation 
sources for the two measurement cycles, is parallel to the 
above annealing problem. The reasons for increased error are 
now the fluctuation of reference doses, which is caused by 
the natural variation in TL detector shape and thickness and 
nonuniform absorbed dose distribution of 0-radiation. 

The rapid sensitivity change in LiF immediately after 
reader annealing and the high fading rate immediately after 
reference irradiation are also serious error sources because 
the actual readout is the only annealing of TL detectors in the 
integrated TLD process. Therefore, reference irradiation and 
reference readout must be accurately scheduled. Short-term 
sensitivity change and fading curves must be determined 
carefully for those TLD systems where the integrated process 
is to be used. 

III. EXPERIMENTS 

For experiments concerning the irradiation problem, 160 
round LiF tablets (manufacturer Harshaw, purchaser Ainor) 
were prepared with the standard annealing. The tablets were 
irradiated all at the same time in a collimated beam ~* a w C o 
source at a distance of 8 m, where the beam was very 
uniform at the location of the tablets. Next, the rL deteuors 
were read with a manual Vimen Toledo 654 reader. The 
experiment was then repeated twice again using standard 
annealing, but by irradiating the 160 tablets with a " Y / * 1 Sr 
source. These irradiations were made by moving the tablets 
on a conveyor below the source at a distance of about 3 cm. 
Thereafter the two sets of ratios of the readout values rjrHl 

(i.e., the sets of types r^/rnfB and rg/rn13 where the 
subscripts y and 0 refer to the irradiation sources) were 
calculated from the three sets of readout values. 

Experiments regarding the annealing problem were over
lapped with the above described sets of tests. After having 
read a TL detector of the first set (i.e., a detector that was 
standard annealed and irradiated with the 7-radiation source), 
the operator moved it to the conveyor for irradiation by uV-
#-radiation source. The irradiation time was only a lituv 
longer than the readout time (c. 30 s) and the conveyor was 
long enough to schedule the 0-ray irradiation c. 3 min after 
the actual readout and c. 2 min before the reference readout 
in the same way as in the integrated TLD process. In the 
second phase of the testing procedure (i.e., in reading TL 
detectors that were standard annealed and irradiated with the 
^-radiation source), the operator again overlapped reference 
irradiations and readouts with the actual readouts as de
scribed above. The two sets of ratios of readout values of the 
typ* rsA /rnt.KA< wr*ere the subscripts SA and RA refer to 
standard annealing and reader annealing, respectively, were 
then calculated. 

The part of the testing procedure that simulates the tradi
tional TLD process (i.e., the process with standard annealing 
and the same radiation type in both measurement cycles) was 
also performed with an automatic Alnor Dosacus reader to 
illustrate the problem of instrument stabilization from many 
sides. 

It is well-known that TL sensitivity of LiF depends criti
cally on reproducibility of standard annealing in its two 
phases (i.e., during cooling down from high temperature and 
during low temperature annealing). In the experiments, re
producibility was guaranteed by processing the TL detectors 
in the automatic reader between high temperature and low 
temperature annealings and by using a large circulating air 
heat box for low temperature annealing. The detectors were 
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Fig. I Normalized readout values r and their statistical fluctuation when 
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kept in the heat box in the magazine of the automatic reader 
in such a position that air could flow freely between doseme-
ter packets. 

The Vinten reader was used in most experiments because it 
is commonly used in therapy level dosimetry. Another rec
ommendation for its use in testing the integrated TLD proc
ess is the preheating procedure of 12 s at 135 "C, which 
decreases the effect of fading into reference readout values. 
The short-term sensitivity change and fading curves were 
therefore determined with the Vinten reader using the follow
ing test procedure. A TL detector was reader annealed, 
irradiated, read, reference irradiated, and reference read. 
The time interval from reader annealing to irradiation or 
from irradiation to readout was prolonged in sensitivity 
change and fading measurements, respectively. Note that the 
reference measurement normalized the results independent of 
differences in detector sensitivity or drift in reader sensitiv
ity. Note also that the sensitivity change or fading rate data 
later in this work are time derivatives of the sensitivity 
change or fading curves. 

IV. RESULTS AND DISCUSSION 

A. Batch Homogeneity 

The results of the experiments are given in Figs, 1 to 3. 
The scatter of readout values (i.e., the standard error of 
estimate sy,) from the regression curves (see Fig. 1) was 
2.2% and 4.0% for manual and automatic reader, respec
tively. For the ratios of two readout values (see Fig. 2(a) and 
2(f)) the corresponding values (sy x) were 1.096 and 1.3%, 
respectively. Individual calibration is thus always necessary 
when the Alnor reader is used in therapy dosimetry applica
tions, while the method to sort out the most and least 
sensitive detectors from the batch and to calibrate by batch 
may also give sufficiently precise results when the Vinten 
reader is used. 

It is surprising that the results of a batch homogeneity test 
(i.e., the standard deviation of detector sensitivities) may 
vary by nearly a factor of two depending on the reader used. 
There are, however, explanations for the higher standard 
deviation in the case of the Alnor reader. The distance 
between the TL detector and the front surface of the optical 

fiber, which connects the heating chamber to the photo 
multiplier housing, is small, and it is not certain that every 
TL detector lies horizontally on the capillary pipe, which 
raises the detector from the dosemeter card to die heating 
chamber. 

B. Irradiation and Annealing Problems 

Comparison of Figs. 2(a) and 2(b) (i.e., the comparison of 
95% confidence intervals) shows that the sia*;tical fluctua
tion of the ratios r/r„{ is nearly independent of the use of y-
or /3-radiation source in the irradiation before the actual 
readout. Similarly, comparison of Figs. 2(a) and 2(c) shows 
that the use of reader annealing in preparing TL detectors for 
the second measurement cycle again increases the scatter of 
results to some extent, but in spite of the additional error 
sources the results of the integrated TLD process fluctuate 
clearly less than the results of TLD systems calibrated by 
batch (see Figs. 2(d) and 1(a)). Thus, irradiation and anneal
ing problems do not limit seriously the utilization of the 
integrated TLD process. 

C. Reader Stability 

There is no clear systematic trend (i.e., fluctuation of 
points above the nearby error bars) above normal statistical 
fluctation in the ratios of readout values, illustrated in Fig. 
2(a), while a trend can be seen in Fig. 2(f) Thus the 
short-term stability of the manual reader seems to be better 
compared with the automatic reader. Periodic changes in the 
light collection to the front surface of the optical fiber may be 
a reason for the poorer short-term stability of the automatic 
reader in the same way as the inclination of the TL detector 
seems to explain the differences in batch homogeneity when 
determined with two readers. The process may be critical to 
mechanical play in the capillary pipe, for example. Note, 
however, that periodic fluctuations in the discrimination be
tween the light generated pulses and electric noise could also 
explain the problem, but no significant fluctuation can be 
seen in the results of the control measurements, which are 
performed with the reader internal standard light source 
before readouts. 

Figs. 2'(b), 2(d), and 2(e) illustrate clearly that the reader 
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2. Normalized ratios of readout values / • / / • „ , and their statistical 
fluctuation for six combinations of seven sets of 160 readout values r (i.e., 
of five sets with the Vinten reader and of two sets with the Ainor reader). 
Group means {r!rnl)K, 95% confidence intervals, third-degree regression 
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been normalized to one. 
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Fig. 3. Sensitivity change rate in LiF (SC, whole line) soon after reader 
annealing and thermolurr.-nescence fading rate in LiF (F, broken line) soon 
after reader annealing, and irradiation when 7 1 detectors are read by using 
or without using the preread annealing of 12 s ai 135*C. 

sensitivity (manual reader) changed during the first experi
ment. Note that, because of the S-min delay in the self-cor
rection, the sensitivity change also increased temporarily the 
fluctuation of results of the integrated process (see the ratios 
of readout values in the Figure 2d). Because the self-correc
tion is practically perfect if the reader sensitivity change rate 
is less than 0.1% per 5 min (i.e., less than 1% per hour), 

good short-term stability is the most important reader charac
teristic when the integrated TLD process is used. Therefore, 
it is important that light detection efficiency does not depend 
critically on small uncertainties in the positioning of TL 
detectors or on dust panicles on the optical surfaces, or on 
other such originators of instability. In the readers designed 
especially for precision measurements at therapy dose level, 
the TL detector to optical filter and photocathode distances 
should therefore be longer than they are in the present 
general-purpose readers. 

D. Requirements for Scheduling 

Fig. 3 shows that 2 min after reader annealing, the sensi
tivity change rate in LiF is c. 0.08% per minute. Immediately 
after irradiation the fading rate is c. 0.03% per minute when 
the readout process includes the preheating procedure (12 s at 
135*C). Thus, to restrict the error below 0.1%, the irradia
tion time with respect to reader annealling and reference 
readout must be reproduced with an accuracy of 0.3 min in 
the intergrated TLD process. It is practically necessary to 
automatize the process for the convenience of the operator. 
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E. Quality Control 

The experiments presented in this paper are good quality 
control tests for TLD systems used in precision applications. 
The tests give important dau on instrument stability in 
laboratories where the traditional TLD process is used. If the 
integrated process or any of its modifications are used in the 
laboratory, the experiments are also useful acceptance tests 
for new batches of TL detectors. 
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