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Application d'un système dosimëtrique thermoluminescent et

automatisé à la dosimétrie gamma environnementale*

par

A.R. Jones

Résumé

Un système dosimétrique destiné au personnel et comprenant des dosimètres

thermoluminescents et un lecteur automatique a été appliqué à la dosimé-

trie gamma environnementale. Dans ce but, la précision des mesures aux

faibles expositions (10 â 100 mR) subies au cours de longues périodes

(3 3 12 mois) est importante. Pour améliorer la précision et la

fiabilité du système pour cette application les mesures suivantes ont

été prises:

- Les dosimètres ont été sensibilisés par irradiation avec des
rayons gamma puis recuits sous radiations ultraviolettes.

- La sensibilité de chaque dosimètre identifié a été mesurée
et utilisée pour corriger les mesures d'exposition.

- Les supports munis de joints ont été modifiés pour contenir
les dosimètres thermoluminescents montés sur deux plaques
identifiées.

Les mesures de linéarité, de variabilité (avec et sans calibrage

individuel) d'affaiblissement et de dépendance sur l'énergie sont

présentées.

* Présenté au 22e Congrès annuel de la Health Physics Society, Atlanta,
Géorgie, 3 - 8 juillet 1977.
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ABSTRACT

A personnel monitoring system comprising thermoluminescent

dosimeters (TLDs) and an automatic TLD reader has been applied

to environmental gamma dosimetry. For this purpose the accuracy

of measurement at low exposures (10 to 100 mR) acquired over

long periods (3 or 12 months) is important. To improve the

accuracy and reliability of the system for this application the

following steps were taken.

- The dosimeters were sensitized by irradiation
with Y~rays and annealed while being irradiated
with UV light.

- The sensitivity of each, identified dosimeter
was measured and used to correct exposure
measurements.

- The gasketted holders were modified to contain
TLDs mounted on two identified plaques.

Measurements of linearity, variability (with and without indiv-

idual calibration) fading and energy dependence are presented.
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INTRODUCTION

Until 1977 environmental y dosimetry at Chalk River

Nuclear Laboratories was done with LiF (TLD-100) chips (3.2 x

3.2 x 0.90 mm). These proved to be sufficiently accurate and

reliable for measuring exposures in the range 10 to 100 inR

over periods of 3 or 12 months (Jones 1974). However, since

four TLDs were used in each package, reading them in a manual

TLD reader and recording the readings and identities was

laborious.

Another TLD system had already been developed for personnel

dosimetry using a reader which can automatically read similar

TLDs mounted on identifiable plaques (Jones 1972)•

This system, while not laborious to use was designed to measure

exposures at higher levels (20 mR to 1000 R) and over short per-

iods (2 weeks). High precision was not needed at low exposures.

Before this system could be applied to environmental dosimstry

it was necessary to consider various sources of error in low

exposure, low exposure rate measurements.

- Variance in readings between dosimeters

- Fading

- Therinoluminescent contamination

- Resolution of the reader.

The first source of error is of a random nature and has

several components which may be represented by the following

equation.

/
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where ô is the standard deviation in a series of readings

(made with a group of dosimeters) at an exposure E,

expressed as a percentage.

where 6O is the standard deviation measured at zero expo-

sure due to reader and dosimeter variations expressed in

roentgens.

where 6S is the percent standard deviation of the dosi-

meters due to variations in sensitivity.

There are a number of ways that this source of error can

be diminished.

<5S can be reduced by selecting a very uniform population

of dosimeters or by correcting each reading for individual

variation if these variations are reproducible from one reading

cycle to another. 6Q is diminished in importance if the sen-

sitivity of the dosimeters is increased since the second term

then dominates even at relatively low exposures. The first

term is diminished in importance by exposing the dosimeters as

long as possible, thus increasing the exposure. Finally the

effect of these random errors can be reduced by increasing the

number of TLDs in each package.

The maximum fading error can be reduced to half the fading

that occurs during the measurement period by one of two courses.

- exposing one set of TLDs at the beginning of the

monitoring period and another set at the end and taking

the average of their reading

- exposing one set of TLDs to a known exposure half way

through the monitoring period.

In either case these exposed TLDs should be held at the

same temperature as those deployed for environmental measure-

ment. The worst cases result if all the environmental exposure

occurs at the beginning or at the end of the exposure period.

Neither is very likely.
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The table given below illustrates some readings made with

thermoluminescent dirt present in the environment at Chalk River

which can contaminate the TLDs and give spurious readings. The

thermoluminescence is expressed in terms of the exposure to LiF

(TLD-100) which produces the same amount of thermoluminescence

after post annealing at 80°C for 1 hour.

Contaminant

Sub Soil* s a n d y

Top Soil'

Sand from Ash-Tray

Road Sand

Thermoluminescence
apparent R/mg

0.6 - 0.7

0.14 - 0.22

0.2 - 0.4

2.7 - 5.2

The thermoluminescence from these contaminants is very

large and it can be seen that even a few micrograms could give

rise to signals comparable with those measured in environmental

dosimetry. Clearly the dosimeters must be free of such contam-

ination (at the microgram level) at the time of reading. Either

rigorous cleaning must be done before reading or the dosimeter

package must effectively exclude dirt.

It is important to note that any increase in dosimeter

efficiency, expressed in terms of light output for a given

exposure, decreases the effect of contaminants.

The automatic TLD reader, when used for personnel dosimetry,

is so adjusted that one output pulse is obtained for 1 inR. For

environmental dosimetry this resolution is inadequate. To

remove this limit the photomultiplier voltage was raised.

These considerations, affecting accuracy, were taken into

account in applying the personnel monitoring system to environ-

mental monitoring.
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INDIVIDUAL CALIBRATION FACTORS

As a first step to improving the performance of the

personnel dosimetry system the automatic TLD reader was

adjusted to provide more resolution. Then each TLD was individ-

ually calibrated by giving it an exposure of 1 R, a level where

the second term in equation 1 dominates. The automatic reader

provides an output on punched paper tape giving the identity of

the TLD plague, which is illustrated in Figure 1, together with

the readings obtained from the thick (0.9 mm) and thin (0.38 mm)

TLD chips carried on the plaque. For the purpose of environmental

gamma dosimetry only the reading from the thick chip is used. The

holder shields the TLDs from light and is sealed with a gasket to

exclude dirt. The serial number of the top plaque is visible

through the window so that the identity can be checked without

exposing the TLDs to light or contamination.

The punched paper tape output from the reader permits

individual calibration to be performed on each TLD using a com-

puter or calculator fed by paper tape. The exposure is calculated

from each TLD reading using the following equation.

x - x f,
Exposure = • = — R (2)

f x, - xx 1 o

where x is the TLD reading

where x is the mean reading of control TLDs shielded

during the exposure

where x\ is the mean reading of control TLDs exposed to

1 R

where f is the calibration factor of the TLD

where f\ is the mean calibration factor of the TLDs exposed

to 1 R.
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Figure 1. The Environmental TLD Package
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A sample of 10 TLDs was exposed in sequence at a series of

levels between 0 and 100 mR and their standard deviation

measured at each level both with and without calibration factors

applied as in equation (2). These results are shown in the

following table.

Reading
Cycle

1

2

3

4

5

6

7

8

9

Measured
Exposure

mR

0.3

22

64

108

51

28

15

104

14

Standard Deviation (s.d)
uncalibrated

mR

1.5
2.3

4.9

6.4

7.7

2.7

2.2

8.2

2.4

calibrated
mR

1.5

1.3

4.3

2.6

5.6

1.7

2.1

4.9

2.0

s.d (calibrated)
s.d (uncalibrated)

1.0

0.56

0.87

0.41

0.73

0.71

0.95

0.60

0.84

The table shows that, above 20 mR, calibration generally

gives an appreciable improvement in uniformity of readings and

that this is maintained over nine reading cycles. Below 20 mR

the improvement is not marked which is not surprising since at

these exposures the second term in equation 1 is swamped by the

variations observed at zero exposures.

To improve the uniformity of readings at very low levels

(below 20 mR) an increase in sensitivity is desirable. The

effect of thermoluminescent contamination would also be decreased

by using more sensitive TLDs. For these reasons it was decided

to study the application of radiation sensitizing to plaque

mounted TLDs.
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RADIATION SENSITIZING

The phenomenon of radiation sensitizing of the TLDs has

long been known (Cameron et al 1968). An increase in sensi-

tivity would be of limited value for low exposure measurements

if it resulted also in high and variable zero signals. However

Mayhugh and Fullerton (1974) have shown that this problem can

be overcome, for unmounted TLD-100 chips, by exposure to UV

radiation during an anneal following the sensitizing radia-

tion. Consequently it was decided to see if this technique

could be applied to TLDs to be mounted on numbered plaques for

automatic reading and identification.

The radiation sensitizing technique which was studied

followed the sequence given below although the parameters

quoted were varied to determine the optimum values.

- Exposure to 60Co-rays (40 to 160 kR)

- Annealing for 45 minutes at 280 to 345°C while irradiated

with UV light

- Annealing for a further 5 minutes without UV

- Removal from annealing oven and natural cooling to room

temperature

- Mounting on identified TLD plaques.

Figure 2 shows the design of the oven built to anneal the

dosimeters.

Ths TLDs are placed on the annealing tray, which has space

for 900 of them, and the annealing tray is placed in the oven

after it has reached temperature. The UV lamps are switched on

for the first 45 minutes of the 50 minute anneal. It was found

necessary to switch off the UV lamp before ending the anneal to

avoid excessively high zero readings. The sensitizing factor

and the zero readings of the TLDs were measured for different

annealing conditions to obtain the best combination of tempera-

ture, gamma and UV exposure.
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Figure 2. Annealing Oven
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The TLDs were then tested by exposure to 1 R followed by

reading three times in the automatic reader as were control

dosimeters from the same batch which were not irradiated with

y-rays or UV light or annealed.

The sensitizing factor (F) was defined by equation (3)

F = h.
R
c

where R_ is the mean of the first readings of the sensi-
S

tized TLDs following an exposure to 1 R and an 80°C, 1

hour, post-anneal.

where R is the mean of the first readings of the control

TLDs following exposure to 1 3 and a post-anneal. Note

that the control dosimeters were not pre-annealed.(which

might be desirable to reduce fading and causes about 30%

loss in sensitivity).

The zero reading (Z) is defined by equation (4)

s 3
Z = - ^ x 1000 mR (4)

Rs

where R _ is the mean of the third readings of the sensi-

tized TLDs. The TLDs are read a third time after exposure

to 1 R because the second reading includes a residual from

the first. This residual is, typically, 2 mR, which is

not negligible when compared with the zero reading.

Neither the sensitizing factor nor the zero reading was

strongly dependent upon exposure in the range 80 to 160 kR and

a sensitizing exposure of 100 kR was chosen. Similarly the UV

intensity in the range 1 to 2 mW/cm2 was not critical in deter-

mining the performance.

Figure 3 shows that the annealing temperature is important.



- 10 -

ZERO READING
mR

8

SENSITIZING FACTOR

280 290 300 310 320 330

ANNEALING TEMPERATURE °C

310 350

Figure 3. The Dependence of Zero Reading and

Sensitizing Factor on Annealing Temperature
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Below 290°C the zero signal rises because the absolute

value of the signal rises. Above 290°C it rises because the

increased temperature results in loss of the radiation sensi-

tizing. For this reason and because the sensitizing factor

should be close to its maximum, 290°C is the best annealing

temperature. If this temperature is maintained within 5°C the

maximum variation in zero signal would be less than 0.2 mR and

the maximum variation in sensitizing factor would be about 1%.

No detectable difference in either factor was observed

with TLDs mounted in different positions in the 100 x 100 mm

annealing tray.

PERFORMANCE OF THE MOUNTED SENSITIZED TLDs

In order to carry out the environmental y dose measurements

at Chalk River Nuclear Laboratories about 350 numbered TLD

plaques were made by the procedure described.

Next, they were individually calibrated by exposing them

to a uniform exposure using a carousel. The individual sensi-

tivities were then stored on a casette magnetic tape used with

a programmable calculator. Thus all subsequent readings could

be corrected for individual variation in sensitivity.

To test the uniformity and linearity of measurement, eight

groups of forty dosimeters were exposed to uniform exposures,

in a carousel, in the range 7 to 70 mR. The exposures were

measured by measuring the exposure rate and the exposure times.

The results are shown in Figure 4.

The figure shows the deviation from linearity of the mean

of each group of forty TLDs as a function of exposure using

the uncalibrated readings at the top. The lower data points in

the figure have been corrected with individual calibration

factors. The longer error bars indicate the standard deviation

of each group of forty while the shorter error bars show twice

the standard error of the mean.
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The data show that the departures from linearity over the

exposure range studied are quite small.

The value of calibrating the individual TLDs is clearly

illustrated in the table below.

Standard Deviation of Calibrated and Uncalibrated TLDs

Exposure
(mR)

7

14

20

27

34

41

54

68

Standard Deviation (s.d)

calibrated

11

5.6

3.7

3.3

3.0

3.1

2.7

1.9

uncalibrated

13

8.0

7.0

4.6

6.5

9.0

4.1

9.0

sS.d of calibrated TLDs
s.d of uncalibrated TLDs

0.85

0.7

0.53

0.72

0.46

0.34

0.66

0.21

In assessing the effect of the variation of response at

these exposure levels it should be remembered that two TLDs are

carried in each package and the average reading is used.

To predict errors due to fading during the environmental

measurement (3 or 12 months period) a test was carried out over

6 months.

Ten batches of sensitized TLDs and unsensitized TLDs

(preannealed at 80°C. for 16 hours) were exposed to equal

exposures (̂  1 R) at intervals over a little more than 6 months

and stored at 22 to 25°C. At the end, all the TLDs were given

a standard post-anneal of 80°C for 1 hour and all read together.

Figure 5 shows the result of the tests and it can be seen

that both sensitized and preannealed unsensitized TLDs fade less

than 1%/month. If control dosimeters are either exposed half

way through the year or split into two groups and exposed at

the beginning and end of the year, the worst case error due to

fading would be 6%, which is usually acceptable.
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Figure 5. Fading of Sensitized and Preannealed Unsensitized TLDs
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Fullerton and Mayhugh (1974) showed that sensitizing LiF

TiiD-100 modifies its energy response to an extent depending

upon the sensitizing exposure. To test the consequence of

this effect, sensitized and unsensitized TLDs were exposed in

the packages shown in Figure 1 to photons in the energy ranga

0.03 to 1.25 MeV. The exposures were measured with a Nuclear

Enterprises Ltd. "Ionex" ion chamber* over a range of energies.

To reduce uncertainties of measurement individual calibrated

TLDs were used exposed to about 1 R.

In Figure 6 the lower curve plots the sensitivity of the

sensitized TLDs (measured in TL response/R) normalized to unity

for 6°Co y-radiation. The sensitivity of the TLDs themselves

is modified at lower energies by the absorbtion of the 2 mm

aluminum slabs which sandwich the 1.8 mm layer of LiF. At

higher energies the aluminum slabs also modify the response

when the Compton electron range in LiF is comparable to 1.8 mm,

i.e., when a substantial part of the dose is absorbed from

Compton electrons originating in the aluminum. If the dosimeter

package is calibrated with 137Cs y-^ays the maximum error due

to energy dependence is less than 3% above 0.2 MeV and less

than 15% above 0.05 MeV. These deviations are not likely to

cause a major error in exposure measurements for the spectral

distributions found in environmental measurements.

This curve shows a modification of the energy response

caused by the sensitizing process. The data represented by

the upper curve labelled sensitizing factor should not be

affected by the holder or indeed by any errors in measuring the

exposure because it is derived from the ratio of the responses

of sensitized and unsensitized TLDs held in identical holders

exposed close together at the same time.

Calibrated over a range of energies at the National Research
Council, Ottawa, Ontario
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Figure 6. Dependence of Sensitizing Factor and Sensitivity of the Sensitized TLDs on
Photon Enerav
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CONCLUSION

The use of sensitized LiF TLDs with an automatic reader

can provide a convenient and accurate way to measure small

exposures acquired over long periods.

It should not be assumed that this measurement technique

should be restricted to environmental dosimetry. However

further testing in the following areas would be needed before

the technique could be applied to Personnel Dosimetry

- energy response

- stability over many reading cycles

- linearity at higher exposures
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