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MEASUREMENT OF DOSE AT 70 MICROMETRES1

DEPTH USING THERMOLUMINESCENT DOSIMETERS

A report prepared by Atomic Energy of Canada Limited under contract to the
Atomic Energy Control Board.

ABSTRACT

The measurement of dose with thermoluminescent dosimeters (TLD) at a tissue-
equivalent depth of 70 pm can be done in three ways. These are by using:

* very thin TLDs (made by cementing fine, powdered, TLD particles to a
high-temperature plastic film)

* opaque TLDs whose surface alone is sensitive. (Light emitted at a
greater depth has a low probability of emergence and, thus, they behave
as if they were thin.)

* at least three TLDs covered with absorbers of differing thickness.

The approaches were studied using examples of dosimeter arrangements of the
three types. The characteristics which were measured to form a basis of
comparison were:

* the performance at high and low doses
* the effect of changing angle of incidence and beta-ray energy
* the effect on performance of repeated irradiation, annealing and
reading.

It was concluded that the very thin TLDs (powdered) are the best suited to the
measurement of doses at 70 pm depth.

Les doses à une profondeur de 70 um peuvent être mesurées à l'aide de
dosimètres thermoluminescents de trois façons distinctes :

* l'utilisation de dosimètres thermoluminescents très minces faits de
particules de poudre fine de dosimètres thermoluminescents cimentée à
une pellicule de plastique à haute température

* l'utilisation de dosimètres thermoluminescents opaques, dont seule la
surface est sensible. La probabilité que la lumière émise à partir d'une
plus grande profondeur puisse émerger étant faible, les dosimètres
agissent ainsi comme s'ils étaient minces

* l'utilisation d'au moins trois dosimètres thermoluminescents recouverts
d'absorbeurs de différentes épaisseurs.
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Ces méthodes ont été étudiées en utilisant des exemples d'arrangement de ces
trois genres de dosimètres. Les caractéristiques mesurées qui ont servi de
base de comparaison sont les suivantes :

* le rendement à des doses élevées et faibles
* l'effet de changer l'angle d'incidence et l'énergie de rayons bêta
* l'effet d'irradiations répétées, de recuit et de lecture sur le
rendement.

Le rapport conclut que les dosimètres thermoluminescents très minces (en
poudre) conviennent le mieux pour mesurer les doses à une profondeur de 70 um.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication, and neither the
Board nor the author assumes liability with respect to any damage or loss
incurred as a result of the use made of the information contained in this
publication.
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THE MEASUREMENT OF DOSE AT 70 MICROMETRES'
DEPTH USING THERMOLUMINESCENT DOSIMETERS (TLDs)

A.R. Jones

Dosimetric Research Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1JO

A. INTRODUCTION

The International Commission on Radiological Protection has recommended a
limit on the Dose Equivalent to the skin (ICRP, 1977). Although there has
been controversy about the depth in tissue at which the dose equivalent should
be measured, particularly for some parts of the skin (Gesell, 1983), the
International Commission on Radiological Units continues to recommend a depth
of 70 micrometres in tissue or tissue-equivalent material (ICRU, 1985).

The topic of beta dosimetry was the subject of a symposium held in 1983 whose
proceedings were published (1983 Beta Dosimetry).

Although the recommendations of the two commissions are sometimes thought of
in terms of beta rays, there is no indication that photon doses are excluded
(ICRP, 1977; ICRU, 1985), and this should be remembered when electron
equilibrium is not attained.

There are three approaches to the measurement of the 70 micrometre dose which
will be referred to from now on as the surface dose, and these form the
subject of this report. It would be attractive to make simple comparisons,
between the different approaches on a characteristic-by-characteristic basis.
Unfortunately, this is difficult because of some quite fundamental differences
between them.

An ideal dosimeter, worn on the person, would be tissue equivalent, very thin
and covered by a thin layer of material (ICRU, 1985). However, it need not
take this form if it behaves in the same manner as an ideal dosimeter (ICRU,
1985). The approaches studied can be classified as follows:

* A thin dosimeter made by the adhesion of small TLD particles to a -
suitable film (Harvey, 1979).

* A thick TLD rendered nearly opaque by the inclusion of graphite so that
only the light emitted near the surface has a high probability of escape
(Christensen, 1983). Note that this is only thin if the TLD is
irradiated and viewed on the same side.

* A combination of TLDs covered by absorbers of different thickness. By
measuring the ratio of their readings an estimate of the penetrating
power of the radiation is obtained to correct the reading of the least
shielded dosimeter (Scherpelz, 1983).

Finally, the dosimeters have been viewed within the Canadian context, although
most of the information gathered and its interpretation is of more general



application. In particular, it is very desirable that dosimeters can be
introduced into systems widely used in Canada with a minimum of modification
and cost.

B. THIN DOSIMETERS

Thin dosimeters have been nade by laying down a layer of TLD particles on a
polyimide tape covered with a silicone adhesive (Harvey, 1979) because these
materials withstand the reading temperatures of TLDs. The particle size
determines the mass per unit area of the resulting dosimeter, assuming that
the particles are closely packed. A thin layer approaches the ideal, but in
practice it works against sensitivity. Thus a compromise may be needed. For
this reason, a TLD material with high light output per unit dose per unit mass
is desirable.

1. The Extremity Dosimeter

The dosimeter (Harvey, 1979) of commercial manufacture (Vinten Ltd.) is
intended for wear on the extremities, in particular the finger tips. Also, it
is designed for single use. This prevents Individual calibration and places
stress on uniformity. It contains only about 3 mg of LiF TLD 700, which makes
it relatively insensitive. The masses per unit area of the LiF and the cover
are 5 and 7 mg/cm2, respectively. These factors lay stress on manufacturing
quality, handling and the reader. This was borne in mind in conducting the
measurements to be described.

1.1 Linearity

Observed linearity depends upon the linearity of the TLD material and upon the
reader. TLD 700, by itself, is linear at low doses, becomes supralinear at
high doses and finally saturates. Single dosimeters were tested by exposing
them over a wide range of exposures at CRNL and were then evaluated by the
manufacturer without information on the nature of the test. Table 1 compares
readings with given exposures. [Cobalt-60 gamma rays were used for reasons of
convenience since a wide dynamic range was tested.]

TABLE 1.

Given Exposure
Roentpens

0
10
100
200
500
1000
2500
10000
13800

Sensitivity

Readings
(Counts)
582
23948
221191
502326
1404837
3262798
9202446
19379281*
20072984*

vs. Exposure

Readings/Given Exposure
(Counts/R)

.
2340
2210
2510
2810
3260
3680
1940
1450

*Reader over range, first digit estimated by eye.



It can be seen that the supralinearity would give rise to an overestimate of
dose, about 60% at an exposure of about 2500 Roentgens, if no correction were
made.

At the setting of gain used in these tests, reader saturation would be
observed at about 5000 Roentgens. It was explained by the manufacturer that
higher exposures could have been estimated if the reader operator had been
aware that very large exposures were involved. However, it must be remembered
that large surface doses can occur in operational circumstances with no prior
indication.

1.2 Angular Dependence

The angular dependence of a dosimeter can be measured quite simply by exposing
it to a source, rotating it and then observing the changing response. This
does not require the measurement of dose since it is the relative response
which matters. This measurement is acceptable if the dose in air is being
measured. However, we require to know the response relative to the dose at a
point below the surface and this, too, is directionally dependent. The
results must be corrected by a set of factors appropriate for the angular
dependence of the surface dose (Cross, 1988). In Table 2 both sets of data
are given relative to normally incident rays.

TABLE 2. Angular Dependence Relative to Normal Incidence

Angle of . Sources
Incidence Sr-90/Y-90 Tl-204 Pm-147
(deg.) (0.15 n) (0.1 m) (0.1 m)

3 MeV) (E^-0.77 MeV) (E.B-0.22 MeV)

0 1.00 1.00 1.00 1.00 1.00 1.00
5 1.11 1.10
10 1.00 0.98
20 1.12 1.08 0.79 0.76 1.07 1.09
30 0.86 0.95
40 1.24 1.10 0.77 0.71
50 0.60 0.88
60 1.12
70 0.79
80 0.60
90 0.26 1.39 0.19 1.61 0.11 0.91

* Uncorrected for angular dependence of surface dose
# Corrected for angular dependence of surface dose

Since the mean depth of the sensitive layer is about 9.5 mg/cm2, the corrected
angular dependence should be relatively small. Curiously, this is found to be
the case only with the lowest-energy beta rays (where the exact depth of the
TIJ> and cover should be most important). The greatest dependence is found

0.92
0.65
0.81
1.39

0.
0.

0.

55
53

19

0.
0.
0.

1.

60
55
69

61



with the intermediate-energy beta rays. It should be noted that as the angle
of incidence approaches 90 degrees, the proportion of scattered radiation
rises so that at 90 degrees no direct radiation can reach the LiF.

1.3 Enerfv Dependence. Uniformity and Sensitivity

To measure the response of the dosimeters to different radiations, the
exposures were performed at CRNL and then the dosimeters were returned to the
manufacturer for evaluation. For this purpose, they were accompanied by
control dosimeters which were kept with the others except when an intended,
measured irradiation was being performed. This is a normal procedure, but in
this case it was particularly important because the dosimeters were
temporarily nislaid, thereby adding to the normal delay in transoceanic
shipment.

The beta-ray doses were determined from a knowledge of the dose rate from
standard sources (B&hm, 1981), except in the case of the contact dose of
Uranium metal, where a contact dose rate of 2.2 mGy/hour was assumed (Plato,
1979). The gamma-ray dose was measured using a reference "Ionex" ion chamber
calibrated by NRC. Table 3 summarizes the data obtained when the given and
evaluated doses were compared.

TABLE 3. Sensitivity vs. Various Radiations +

Source

Background
Co-60
Uranium metal

(contact)
Sr-90/Y-90

Tl-204
Pm-147

Max. Beta
Energy
MeV

-

2.31
2.27

0.76
0.22

Dose
mGy

.
98

35.2
0.2
3.0
40
19
7.5

Count

136
21040

17597
223
1214
16577
9896
1040

S. Devn.

14
1630

1526
20
121
1885
769
40

Sample
Size

5
5

6
12
12
12
4
4

Counts/Dose*
Counts/mGy

213 ± 15

496 ± 35
435 + 70
359 + 23
412 + 27
514 + 40
121 + 5

+ No measurement was made with this form of thin, powdered, LiF TLD of the
response to X-rays. See Tables 4 and 5 for the response of other forms.

* Background" corrected.

Because the dimensions of the dosimeter have been appropriately chosen
(5 mg.cm2 of TLD under a 7 mg/cm2 cover) the beta-ray energy dependence should
be low. In fact, there is a marked reduction in sensitivity for Pm-147 beta
rays, but this is consistent with previously reported results (Harvey, 1979).
The small but significant increase in sensitivity for Tl-204 and uranium metal
irradiation is not easy to understand. The marked reduction in sensitivity
for Co-60 gamma rays is not surprising because the given dose is obtained by
multiplying the measured exposure by 9.6 mGy/Roentgen (Sinclair, 1969), and
this takes no account of the failure to attain electronic equilibrium in the



thin dosimeter. Of course, this is also true in the shallow soft tissue in
which the dose is being estimated.

Since the dosimeters are intended for single use, uniformity of response must
be assumed, and lack of uniformity therefore is a component in the
uncertainty. It can be expected to depend both on the dose and the radiation.

Not surprisingly, the percentage standard deviation is noticeably greater at a
given dose of 0.2 mGy, which is less than the evaluated background. At doses
as high as 3 mGy, this effect is no longer noticeable.

Generally, the lowest detectable dose is considered to be three times the
standard deviation of the unexposed dosimeters. The above results indicate
that 0.09 mGy could be detected. If.the delay in evaluation could be avoided
by evaluating the dosimeters on site the detectable dose could probably be
reduced.

2. Powder Dosimeters for Measuring Surface Doses on the Whole Body

For whole-body dosimetry, automatic reading is desirable because the volume of
measurements is so high. Also, a dosimeter with reproducible sensitivity
makes it unnecessary to assume that all dosimeters have the same sensitivity.
Instead, the sensitivity of each dosimeter can be measured, filed and used in
dose calculations. This nay also reduce the reading cost.

For the purpose of the experiment, powder dosimeters were constructed in a
similar manner to surface dosimeters which are widely used in Canada and read
automatically. This choice was partly a matter of convenience because it
permitted the use of automatic readers at hand. More important, the data
gathered in such experiments is directly relevant to users of similar
equipment. Figure 1 shows the essential elements of the construction.

TLD powder granules were mounted onto a Polyimide ("Kapton") film and retained
there by a silicone adhesive. The area of the TLD powder was defined by a
polyimide washer which was also cemented by the silicone film. The washer
also served the purpose of occupying all the unused surface of the adhesive to
prevent the collection of foreign material which could interfere with the TL
signal. The thickness of the TLD layer was governed by the particle size
which, in turn, was selected using two sieves of different sizes. To increase
the strength of the bond the dosimeter is heated at 250 degrees while pressure
is applied to the TLD.

The dosimeter was irradiated from the top (Fig. 1) with a backscatterer below
with thickness greater than the range of the beta particles.

The given doses were established by measuring the dose rates with an
extrapolation chamber and by controlling the irradiation times.

Figure 2 shows how the experimental dosimeters were read in the automatic TLD
reader. When the powder TLD was brought under the light pipe which guides the
collected TL to a cooled photomultiplier, a hot anvil is raised up until
stopped by the TLD. The anvil continues to press against the lower side of
the polyimide film until the thermocouple attains a predetermined temperature



(about 200*C). The period of heating is typically 3 seconds. During this
period, the pressure is transmitted to the interface between the powder and
the fine thermocouple.

In this and remaining sections, the measurements are made on dosimeter
arrangements designed for multiple use.

2.1 Sensitized TIP-100 Powder

The TLD material was made front TLD-100 sieved with 70-105 pm screens and then
sensitized by exposure to Co-60 gamma rays (a dose of 300 Gy). This was
followed by annealing while exposing to 254 nm UV.

2.1.1 Energy and Angular Dependence of TLD-100 Powder Dosimeter

Table 4 shows how the dosimeter responds to photons and to beta rays with
different energies and incident in different directions. Before exposing
dosimeters, they were individually calibrated so that effects'due to
individual variation were removed. The correction factors referred to in
section 1.2 were also applied.

TABLE 4. Response in Counts/mGy

Angle of Incidence

Co-60
104 KeV X-rays
Sr-90/Y-90
Tl-204
Pm-147

0

54.5
66.1
60.6
55.5
12.7

22.5

66.2
52.7
12.7

45

55.
30.
10.

7
0
6

67

31
22
9.

.5

.7

.8
6

90

33
30
.

.9

.6

In evaluating these data three things should be kept in mind.

Because the dosimeters are thin (about 10 mg/cm2 thick) and are covered with a
thin absorber (8 mg/cm2 thick), electron equilibrium is not established for
Cobalt-60 gamma rays and, therefore, considerable over- or under-response is
possible. This is, of course, true of skin itself.

The X-ray response may be enhanced (Harvey, 1979) because the thin layer of
powder is backed by a ailicone cement which has a relatively high atomic
number. This leads to an increase, relative to tissue, of energy absorbtion
for lower-energy photons which are involved in the photo-electric process.

A surprising result is the relatively low response to u7Pm beta rays while the
angular response remains quite constant.

2.1.2 Detectabiltv of Small Doses

Measurements made of the unexposed dosimeters (a sample of 16) exhibited a
standard deviation of 24 micrograys giving a minimum level of detectability
of 72 micrograys.



2.1.3 Linearity

The dosimeters were given doses in the range 0.1 to 100 Gy and the sensitivity
in counts/dose were measured. At doses up to 30 Gy, no change in sensitivity
was detected. At 100 Gy, a drop in sensitivity of about 60% was seen but the
reading continued to increase up to this dose. The abrupt drop in sensitivity
was probably caused by reader overload.

2.2 LiF CCu.P) Powder Dosimeters

Samples of ten dosimeters were nadft from a high-sensitivity phosphor of
commercial origin and tested for response to photons and beta rays. In
addition, they were tested by continuously cycling them through the reader and
repetitively irradiating them. This test is needed because the reading
process submits the dosimeter to mechanical wear (see Fig. 2) and their
usefulness and cost/reading is obviously related to their robustness.

2.2.1 Energy and Angular Response

Table 5 shows how the dosimeter responds to photons and to beta rays of
varying energy and angle of incidence. To reduce the effects of individual
variation each dosimeter was individually calibrated.

TABLE 5
Response in Counts/mGy

Angle of Incidence (

Co-60
104 KeV X-Rays
Sr-90/Y-90
Tl-204
Pm-147

0

32.1
37.3
35.6
64.0
7.6

22.5

32.
63.5
6.6

45

31.8
50.7
4.6

67

13
30
4.

.5

.9

.0
9

90

23
26
.6
.1

The relatively high response to Tl-204 beta rays is hard to
explain.

2.2.2 Durability of the Dosimeter when Repeatedly Read and Irradiated

To test the durability of powder dosimeters (which were all constructed in the
same way) a sample was read 110 times and exposed uniformly to 50 mGy every
tenth reading. No annealing after manufacture was done. One hundred and ten
cycles corresponds to nine years' service at the normal rate of reading at the
Chalk River Nuclear Laboratories. This service and a dose of 500 mGy
represents a reasonable limit on life, except in exceptional circumstances.

Several important characteristics, which might be subject to change with
service, have been studied:
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* The sensitivity In terms of light emitted/dose. Although this Is of
some Importance, It Is not crucial, if the change is gradual, when
individual calibration is used and updated on a regular basis.

* If there is not much loss in sensitivity between recalibrations then the
stability of the calibration factors is more important in determining
the accuracy with which the dosimeters can be used over many reading
cycles.

* The accuracy referred to is that applicable to the measurement of
substantial doses, i.e. doses above which the accuracy is independent of
dose. The accuracy when measuring smaller doses, or the ability to
detect then, is governed by the standard deviation, expressed in units
of dose, observed when the dosimeters are not exposed. A related, but
less important quantity, is the mean value of the dose observed when no
exposure occurs. (Sometimes referred to as the residual reading.) It
is more properly referred to as the zero reading.

Table 6 summarizes the data obtained when cycling the dosimeters.

TABLE 6. Performance of Powder Dosimeter During Cycling

Reading
Cvcle

1
10
11
20
21
30
31
40
41
50
51
60
61
70
71
80
81
90
91
100
101
110

Relative
Sensitivity

1.

0.

1.

1.

1.

0.

0.

1.

0.

0.

0.

00 ±

95 ±

18 ±

05 ± ,

16 +

96 + ,

98 ± .

00 + .

97 ± .

94 + .

90 + .

.13

.09

.10

.06

.10

.08

.06

08

07

06

05

Zero
Mean +

Reading
Standard

Deviation
Hicroeravs

340

200

210

300

165

440

320

410

380

410

340

+ 60

+ 80

± 60

+ 210

± 140

+ 160

± 80

+ no
± 90

± 80

+ 50

% Standard Deviation
After Calibration

7.8

4.4

7.4

2.9

2.5

2.9

2.9

2.7

2.4

2.3

The first column shows that there is a small but detectable decrease in the
relative sensitivity over the 100 cycles tested - on the average about



0.13%/cycle (calculated by linear regression). It is not a linear decrease
because an observable increase occurs between 20-40 cycles.

The second column shows no difference between the first and last (11 cycles)
zero readings. Again an observable increase occurs in the standard deviation
in the middle part of the test (40-80 cycles). The standard deviations are
relatively high but would allow the detection of a dose of 0.6 mGy
(3 x standard deviation of the background reading) which is just adequate for
surface dosimetry.

The final column shows the precision attainable in the measurement of
substantial doses (» 5 nGy) if the dosimeters are recalibrated after 10 uses.
The initial precision observed in the first 31 cycles is not good, although
acceptable. From then on it improves considerably to a consistently low
value. The values in the final column are obtained by dividing each reading
by the corresponding reading obtained with the same dosimeter ten reading
cycles earlier. The standard deviations of the resulting quotients are then
divided by the mean.

In the interpretation of the data it should be remembered that the reading
process involves two stresses. The first is mechanical when the reader anvil
presses the cemented powder against the thermocouple probe and light guide.
Plausibly, some TLD material could be lost in this process. The second is
thermal, which can change the amount of light emitted by the TLD in various
ways (Zimmerman, 1966) both during the heating and cooling phases. Also, the
heating could affect the silicone cement.

The data obtained is applicable to all the forms tested (except the Vinten
extremity dosimeter) because they were made in the same way. In the case of
the Vinten dosimeters, the data is not relevant because these dosimeters are
intended for single use.

2.2.3 Linearity

The dosimeters were given doses in the range 0.1 to 100 Gy and the sensitivity
in counts/dose measured. At 30 Gy, a decrease in sensitivity of 25% was
observed and at 100 Gy it had fallen by 60%. However, the reading continued
to increase up to at least 100 Gy and the dosimeters are usable up to this
dose.

2.3 LiF(Mg.Cu.P) TLDs

Sample powder of LiF(Mg,Cu,P) arrived late in this study but it was considered
desirable to perform some testing of this material because it is the most
sensitive low atomic number TLD which has been reported (Wang, 1986). This is
important in the context of thin TLDs since their mass is relatively low.

As expected, the sensitivity was high: 325 counts/mGy. More important was
the very low mean and standard deviation when unexposed. These were 16.6 and
3.6 micro gray, respectively.

When a sample of 10 TLDs was exposed twice in succession there was no
detectable change in the mean readings. Further, if the first set of readings
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were used to calibrate the second, the observed standard deviation would fall
from 10.7% to 4.4%.

These results show that powder dosimeters made from this TLD should provide
much greater precision at low doses, and at least as great at high doses than
the other types of powder dosimeters studied.

3. Graohite-Loaded MgBiOrfDv') TLDs for Whole-Body Surface Dosimetrv

The graphite-loaded TLDs are rendered less transparent than the normal ones by
diffusing a fine graphite powder uniformly throughout their volume. Thus only
TL emitted near the surface has a high probability of escape from the TLD.
The TLD behaves as if it is quite thin. In this respect it differs from the
powder dosimeter, because the graphite-loaded dosimeter is only "thin" when
irradiated from the side through which the light is viewed. Thus it is
absolutely essential to make sure that it is worn correctly. This limitation
is very serious and renders the TLD much less acceptable.

These TLDs should be annealed, before reading, for a short time (-15 minutes)
to avoid fading.

To test the dosimeters, they were mounted on the polyimide film similarly to
the powder dosimeters (see Fig. 1). However, the polyimide washer was
replaced by a layer of graphite powder to occupy the adhesive sites on the
uncovered silicone cement.

3.1 Annealing

At CRNL, post-irradiation annealing of LiF TLDs is performed at 80*C for one
hour. The TLD plaques are annealed, up to 200 at a time in the magazines
through which they are fed into the reader. This is a simple and reproducible
procedure which requires little expenditure of time and effort. Using this
procedure for the MgBjO? (Dy) dosimeters, the fading was found to be too great
except for dosimetry periods of one week or less (Jones, 1983). The best
annealing procedure for the MgB407(Dy) involved heating for IS minutes at
120*C. Two hundred TLD plaques were loaded into a magazine which in turn was
loaded into an oven set at 120*C. Thermocouple probes were set at the centre
of the magazine, at the end, and in the oven air. Figure 3 shows that by the
end of the 15 minutes the end and centre had reached about 110 and 95°C
respectively, and, of course, at 10 minutes this temperature non-uniformity
was far worse.

These results demonstrate the impracticality of annealing using the existing
methods. It would probably be possible to anneal the MgB^ TLDs for 15
minutes at 120°C by spreading them on a flat, low-thermal-capacity mesh.
However, this would require much more effort than the method now used with the
LiF TLDs.

3.2 Angular and Energy Dependence

The MgB«O7(Dy) TLDs were exposed to known levels of photon and beta radiation
while mounted on the TLD plaque and held in the holder designed for LiF TLDs
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in use at CRNL. The beta-ray doses were measured with an extrapolation
chamber. The photon doses were measured using a calibrated (Henry, 1985) ion
chamber and converted from exposure to dose with appropriate conversion
factors for tissue and the energy involved (9.57 and 9.51 mGy/R for gamma- and
x-rays respectively (Sinclair, 1969)). The results are summarized in Table 7.

TABLE 7. Sensitivity of MgB^Dy) TLDs for Different Radiations
and Angles of Incidence. Response in Counts/mGy

Angle of Incidence (Degrees)

CO-60
104 KeV X-Ray
Sr90/Y90
Tl-204
Pm-147

0

41.4
70.9
57.7
57.5
21.2

22.5

50.2
99.5
20.0

45

73.
53.
15.

4
1
5

67.5

35.1
45.7
24.5

90

47.4
50.8

MgB4O7 has a relatively high energy dependence for photons, which would
account for the high sensitivity observed when the X-rays are used.
Generally, the dosimeter does not behave very differently than the powder
dosimeters discussed previously, except that for beta rays there is one angle
of incidence where the dosimeters over-respond.

3.3 Durability of the Dosimeter when Repeatedly Read and Irradiated

There are several aspects of performance which might change when the
dosimeters are repeatedly read and irradiated. Of particular interest are the
following:

* Sensitivity expressed as a ratio of reading/exposure (it is more
convenient to test the dosimeters with gamma- than with beta-rays).

* Reading of unexposed dosimeters, expressed in units of dose. It is not
essential that this quantity remains low, but is certainly more
convenient if it does so.

* Standard deviation of the above reading. This is more important because
it limits the accuracy with which small doses can be read and sets the
limit of detectability.

* Reproducibility with which doses can be determined. This can be
assessed by calibrating individual dosimeters from readings previously
obtained (e.g., 10 reading cycles previously). Thus it is not required
that the dosimeters be of uniform sensitivity but it is necessary that
their relative sensitivities remain uniform over an appropriate number
of reading cycles.

To test the effect on the listed characteristics, of reading and irradiating a
sample of 16 dosimeters, the following procedure was followed:

1. The dosimeters were given a dose of 10 mGy of gamma rays.
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2. They were read 10 times.

3. Steps 1 and 2 were repeated 10 times.

Table 8 summarizes the relevant data from these 100 sets of readings.

TABLE 8. The Durability Of Graphite Loaded MgB4O7 TLDs

Leading
#

1
10
11
20
21
30
31
40
41
50
51
60
61
70
71
80
81
90
91
100

Mean Reading
Arbitrary Units

2.12 + .22

2.08 ± .34

2.18 + .22

2.65 ± .26

2.12 ± .22

2.53 + .28

1.16 ± .14

2.3 + .23

2.11 + .24

2.03 ± .22

Mean Zero + S. Devn.
uGv

96 + 10

95 + 10

82 + 9

90 ± 12

89 + 14

87 + 11

. 95+13

106 + 11

106 + 14

92 + 12

% S. Devn.

2.6

0.7

1.9

1.4

1.8

5.5

2.0

5.5

8.5

The first column shows anomalous readings at cycles 31, 51 and 61 but the
readings thereafter return to their original levels for reasons which 1 cannot
explain. On the average, the readings show a small decline with cycle number
about 10% in 100 cycles.

With reference to surface doses, the dose evaluated from unexposed dosimeters
and the standard deviation in this quantity are low. Furthermore, there is no
evidence of deterioration in the performance, when measuring small doses at
the end of 100 reading cycles.

The final column is a measurement of the reproducibility of the dosimeter
calibration factors when used to estimate substantial doses (e.g., 10 mGy).
See section 2.2.2. Until cycle 61 the reproducibility of calibration factors
remains very good.

The sensitivity of the graphite-loaded dosimeters relative to MgB4O7 Dy
dosimeters which are unloaded and about 0.8 mm thick, permits a calculation of
the effective thickness of the graphite-loaded ones.

TG - 0.8 x Sn mm - 33 /im
S
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where TG is the effective thickness of the graphite -loaded TLDs
where SG is the sensitivity of the graphite-loaded TLDs
where S is the sensitivity of the unloaded TLDs.

In the case of this measurement the dosimeter is covered by an absorber of
8 mg/cm2. In interpreting these values it must be remembered that this
dosimeter is not one of uniform sensitivity. Rather, it consists of material
with a sensitivity which declines exponentially away from the surface.

3.4 Linearity

The dosimeters were given doses in the range 0.1 to 100 Gy and the sensitivity
in counts/dose measured. At 30 and 100 Gy, the sensitivity fell by 10 and 60%
respectively. Because this dosimeter is relatively sensitive, this effect is
probably due to reader overload.

C. MEASUREMENT OF SURFACE DOSES WITH COMBINATION DOSIMETERS COVERED WITH
ABSORBERS OF DIFFERENT THICKNESSES

In the measurements to be reported, 0.28 mm (100 mg/cm2) dosimeters whose
performance has been reported elsewhere (Jones, 1980) were used. One dosimeter
was covered by an absorber 8 mg/cm2, mass/unit area and a second was covered
by 40 mg/cm2. These were tested by exposure to beta rays of high,
intermediate and low energies (Sr-90/Y-90, Tl-204 and Fm-147) over a range of
angles of incidence. It should be noted that the absorbers were chosen so
that:

* One dosimeter was exposed to beta rays of all three energies.

* The other dosimeter was shielded completely from the low energy beta
rays and was shielded to a measurable extent from the intermediate
energy beta rays.

The algorithm used for calculating the surface dose was

A + (B - A).f((C - A)/(B - A)).

* A is the dose estimated from a third dosimeter covered by an absorber of
sufficient thickness to completely block non penetrating radiation. A
is the dose from gamma-rays registered by all three dosimeters.

* B Is the dose estimated from the dosimeter covered by the 8 mg/cm2

absorber. (B - A) is its response to the beta component.

* C is the dose absorbed by the dosimeter covered by the 40 mg/cm2

absorber. (C - A) is the response to the beta-ray component.
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* f() is a function selected to obtain the correct solution for beta rays
of normal incidence. It is a factor to correct for the energy
dependence of a dosimeter which has a mass/unit area of 100 mg/cm2. In
principle, it can be derived theoretically but in this case was fitted
empirically.

From the foregoing it can be seen that the algorithm achieves the correct
result under ideal conditions and when the beta rays are normal. The
important question is: How large is the error when the beta rays are at other
angles of incidence? This is often the case with nearby sources. It is
always the case when the source is distant and scattering has occurred.

The following table shows the sensitivity of the combined dosimeters using the
algorithm. Under each value is the corresponding datum obtained with only one
dosimeter covered by 8 mg/cm2.

In the experiment, plaques were contained in two different holders. In both,
the thick TLJ (230 mg/cm2) was covered by an aluminum absorber (540 mg/cm2).
In one, the thin TLD (100 mg/cm2) was covered by a thin absorber (8 mg/cm2)
and, in the other, by a thicker one (40 mg/cm2). Refer to Figure 4.

If the combination dosimeter was used, in practice, the three TLDs would be
mounted on a modified plaque. In turn, this would be held in a modified
holder with three different absorbers.

TABLE 9
Energy and Angular Dependence of the Combination Dosimeter

Emitter Sensitivity in Counts/Gy
Angle of Incidence (">
22.5 45 67.5 90

Co-60
104 KeV X-Ray
Sr-90/Y-90

Tl-204

Pm-147

13.2
11.5
14.0
(16.0)
14.0
(9.2)
14.0
(0.6)

14.1
(15.4
12.3
(7.8)
12.3
(0.5)

20.6
(13.1)
26.3
(7.5)
8.6
(0.4)

7.5
(8.2)
17.2
(2.3)
5.7
(0.2)

5.7
(6.1)
18.6
(2.3)

It can be seen that, up to 22.5 degrees angle of incidence, the energy
dependence is reasonably flat. The response to the lower- and intermediate
energy beta rays is increased and improved for all angles.

The values in parentheses are those obtained with one dosimeter only covered
by 8 mg/cm2. It can be seen that the combination dosimeter gives a remarkable
improvement for the intermediate- and low energy beta rays.

In the laboratory, the combination dosimeter has no energy dependence at
normal incidence because the algorithm is appropriately fitted. In reality,
there are several sources of error to be considered.
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If an error is made in measuring either or both of C or A then the function
f() is inaccurately evaluated. There is an assumption that the penetrating
component of radiation, photons, will produce the same dose contribution in
all three dosimeters. This will not be the case if electron equilibrium is
not attained. If the "penetrating dose" dosimeter is not sufficiently
shielded, high-energy beta rays will cause an underestimate of the surface
dose.

Linearity

The dosimeters were given doses in the range 0.1 to 100 Gy and the sensitivity
in counts/dose measured. At 30 and 100 Gy, the sensitivity fell by 10 and 60%
respectively. Because this dosimeter is relatively sensitive, this effect is
probably due to reader overload.

D. ACCELERATED TEST OF CHANGE-OF-READING WITH TIME OF IRRADIATION

To compare the relative performance of the different TLDs with time, they were
held at 40*C for four days and given equal doses at different times over this
period. At the end they were all read together. The following changes, per
day (of irradiation) in the readings, were noted.

Dosimeter Type Dosimeter Material % Change/Day

Thin powder layer TLD Sensitized LiF TLD-100 2.4 ± 1.8

Thin powder layer TLD LiF (Cu,P) 1.1 ± 2.4

Opaque TLD MgB4O7:Dy 58 + 12

Combination TLD Sensitized LiF TLD-100 3.6 + 1.2

The change in reading observed can be divided into two components: fading and
change of sensitivity with time. However, it is the sum of these effects, as
observed in the test, which is important.

Care should be used in applying these observations to performance over longer
periods and lower temperatures. However, the observed changes/day would be
less under these conditions. It can also be noted that the change of reading
with time of irradiation is much greater for the MgB^rDy (opaque) TLDs.

E. SUMMARY

Three kinds of dosimeters suited to surface dosimetry have been studied: truly
thin (powder), opaque and combination dosimeters with different absorbers.

Surface doses which are of interest and which can occur, are large. At high
doses, it is not strictly necessary that the dosimeters respond linearly,
although it is convenient if they do so. It is necessary that they respond in
a predictable and unambiguous fashion. This response may be affected by the
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reader and the way in which it is operated. For example, the extremity
dosimeters saturated at about 50 Gy, which is too low for an extremity
dosimeter. However, this could have been avoided by lowering the reader
sensitivity. These dosimeters also exhibited supralinearity at 2 Gy, which is
typical for LiF TLD-700, and is an inconvenience. However, the dosimeters
made from sensitized LiF have been shown to be linear up to 40 Gy (Jones,
1980) and can be used with the normal reader settings up to 100 Gy. This is
true of the dosimeter in the form of powder or 0.28-nun-thick ribbons. The LiF
(Mg.Cu.P) TLD Is linear up to 12 Gy and can certainly be used up to 100 Gy
(Wang, 1986). M2B4O7 (Dy) Is linear up to 10 Gy and can be used up to 100 Gy
(Prokic, 1980).

The combination of beta-ray energy response and angular response is probably
the most important characteristic of a surface dosimeter. In principle, the
combination dosimeter Is capable of energy independence, but for reasons
already given, this is unlikely to be realized. It should also be pointed out
that the energy and angular tests were made when the TLDs were covered by 8
mg/cm2 of material; since their principle deficiency was under-response to
low-energy beta rays, their performance could be Improved by using thinner
absorbers. This would have to be balanced against any problems relating to
punctures of the window, admitting foreign material or light.

At present, great sensitivity is not of great importance for surface dosimetry
because penetrating doses have more stringent limits in Canada (Canada
Gazette, 1978). However, limits could become more stringent and sensitivity
is a factor in reliable dosimetry. All of the dosimeters studied were of
sufficient sensitivity for radiation protection but showed a very wide range
of lowest detectable dose: from 11 /iGy for the LiF (Mg.Cu.P) to the
150-630 fiGy for LiF(Cu.P) thin dosimeters.

Durability and the related reproducibility (relative to the sensitivity of the
population mean) are factors with technical and economic consequences. As
long as dosimeters are durable and reproducible, there is no need for
stringent requirements on individual or batch-to-batch variation. The
extremity dosimeters, on the other hand, are intended for single use and do
have these requirements. Also, the extremity dosimeters must be carefully
shielded when not in use. The important cost is that per reading and, with
the extremity dosimeters, their reading costs may be hard to predict. For
whole-body dosimeters intended for use at CRNL, it is generally required that
dosimeters can withstand reading 100 times and hold their calibration for at
least 10 reading cycles.

It has been shown (Jones, 1980) that the TLD elements used in the combination
dosimeter withstand repeated reading and that the same is true of the
dosimeters made from LiF(Cu.F). Since the cause for concern is the removal of
powder by the reading process, it is likely that other forms of powder
dosimeter are durable also. The test made with th& opaque dosimeter suggest
that the reproducibility declines after 50 readings.

One factor, which affects only the opaque dosimeter, is annealing. To obtain
low fading, a short, higher-temperature anneal is needed and this is not very
practical in the tested system.
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Another important, and negative, factor which affects only the opaque
dosimeter is that it must be irradiated from the side from which the TL
emerges. Otherwise, it no longer behaves like a "thin" dosimeter. Unless its
orientation during exposure can be guaranteed, this is a very serious
drawback.

TABLE 10. Comparison of Studied TLD Systems

OPAQUE
TLDsI COMBINATION

TLDs | TLD.
M1B4O7 I Sensitized

tVlntsn) L1F (TLD-100) LiF(Cu.P) LlF(Mn.Cu.P) | (Dv) | L1F tTLD-100)

0.09

+60

SO

Satis.

Satis.

10

0.07

not dttact.

> 100

Satis.

Satis.

SMALLEST DETECTABLE DOSE mGjr

0.15-0.6 0.011 10.03-0.04 I 004

DEVIATION FROM LINEARITY AT 30 Gy (X)

-25 - -10

MAXIMUM DOSE MEASUREABLE (Gy)

> 100 - > 100

BETA-RAY ENERGY RESPONSE

Satis. - I Satis. I

PHOTON RESPONSE

-10

Satis. Satis. Satis.

100

Good

Satis.

BETA-RAY ANGULAR RESPONSE

Satis. Satis. - I Satis. I Vnsatis.

VARIABILITY IN RESPONSE (X STANDARD DEVIATION) *

3 - I 3 I 6 +

DURABILITY (NUMBER OF READING CYCLES TESTED WITH SATISFACTORY RESPONSE)

110 - I 60 I 100

FADING

Satis. Satis. Satis. I UnSatis. I Satis.Satis.

* Standard deviation applias to tha spread in sensitivity of th* Vinttn dosimeters after uniform exposure
and readins only once (they are not reuseable). For the other dosimeters, the readings were first corrected
by a previously determined individual-calibration factor.

+ (Jones and Richter, 1982).
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The truly thin dosimeters, i.e. those made by laying TLD powder onto a plastic
film, take less time to read than the opaque or combination dosimeters and
this is an important advantage. Table 10 compares the data in terms of
characteristics and systems studied.

The first four columns in the table represent four examples of the same
approach to the problem of measuring doses at 70 urn depth. The four tested
dosimeters are essentially the same. They are all very thin dosimeters formed
by the adhesion of LiF TLD powder to a substrate of polyimide film.
Therefore, it was not necessary to test all four examples for each of the
characteristics of interest. One test for each characteristic would have
sufficed. Further tests which were done and reported merely give a more
detailed picture.

All of the systems, except the powdered LiF (Cu,P) have smallest detectable
doses below 0.5 mGy. This is the level demanded in the IEC/ISO standard (IEC,
1987) on thermoluminescent dosimetry. The poor performance of the LiF (Cu,F)
TLD is not understood but it is possible that it could be improved with
appropriate annealing. Bearing in mind that the limits for extremity doses
are relatively high (Canada Gazette, 1978), its smallest detectable dose is
very low. The low values observed for the LiF (Mg.Cu.P) and MgB4O7 (Dy) TLDs
make them more useful for low-level individual dosimetry or for environmental
dosimetry.

Except for the extremity dosimeter, all of the dosimeters meet the IEC/ISO
Standard (IEC, 1987), which requires linearity up to 10 Gy. In fact, TLD-700,
of which this dosimeter is made, does not meet the standard. As mentioned
previously, this failure is more of a nuisance than a catastrophe if the
maximum dose measurable is sufficiently large. Extremity doses have the
potential to be very large and very difficult to predict because the exposures
may result from direct contact with the source. Large doses can result from
sources of moderate size. For this reason, it is important that the TLD
reader, and its operation, permit the full range of operation available from
the TLE itself. This did not happen in this test, but there is no reason why
it should not. The maximum dose measurable of 100 Gy would seem adequate for
the body-worn TLDs. This was not the case with the extremity TLDs.

The beta-ray energy response is characterized as satisfactory when the
response to Sr-9O/Y-9O and Tl-204 is roughly equal and the response to Pm-147
beta-rays is substantial, though less. The term "satisfactory" is, therefore,
only a relative one. The combination TLD has a good energy response because
it is possible to fit the algorithm to the requirement that the response to
the three beta-ray sources should be the same. However, this only holds for
perpendicular irradiation at specified distances from the sources.

Beta-ray angular response is important, not only because of the direction of
the unscattered beam from source to dosimeter or tissue. As the distance
between source and dosimeter is increased, an increasing fraction of the beta
particles is changed in direction by scattering. Thus, a dosimeter which is
angular dependent also has a response which depends upon the distance between
source and dosimeter. It is interesting that the combination dosimeter, whose
response can be made to be the same for the three test sources, is the most
dependent on angle.
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Since the completion of this work, a thinner covering, 3 mg/cm2, has been
introduced for the extremity dosimeter. It is opaque and, apparently, strong.
Undoubtedly it will improve, i.e. increase, the response to Pm-147 beta-
radiations. In principle, the same, or similar, covering would be applicable
to the other dosimeters. This requires investigation.

Reproducibility, for the extremity dosimeters, depends upon the variability in
sensitivity of the dosimeters. The other dosimeters, since they can be used
repeatedly, were individually calibrated. Generally, the doses received by
the extremities are very non-uniform. Thus, a dose measured at one place is
only very roughly representative of the doses at other points on the
extremities. In this context, the need for a high degree of uniformity of the
extremity dosimeters is not high.

The lack of durability of the extremity dosimeter increases the reading costs
and, as noted, makes it difficult to calibrate the dosimeter. However, if it
is possible to calibrate a small number of TLDs after they have been used it
would be possible to reduce the important uncertainties of the highly exposed
dosimeters. This seems to be feasible. Repeated use of a powder TLD is shown
to be feasible.

Fading is not generally a problem with the TLD materials studied (Caldas,
1985; Jones, 1980). However, the fading of MgB^iDy is unacceptable when
using an annealing procedure suited to large-scale dosimetry.

Because the LiF (Mg.Cu.P) TLDs arrived late in the contract period, the last
three characteristics were not evaluated until later and the data is still
being analyzed. However, there is no reason to believe that its performance
would be worse than that of other powder TLDs for these characteristics.

F. RECOMMENDATIONS

The extremity dosimeter can be recommended if used with a reader of suitable
design and adjusted to an appropriate gain.

For whole-body surface dosimetry, some form of thin (powder) dosimeter is
recommended.

By the end of the study supported by the AECB research grant, the data
(summarized in Table 10) showed that the sensitized TLD-100 is a suitable
phosphor. However, published data (Nakajima, 1979) suggests that LiF(Mg,Cu,P)
would be better because it is about six times more sensitive than sensitized
LiF (TLD-100).

Neither of the other forms is recommended. The opaque dosimeter suffers from
fading if used as tested (Jones, 1983) and requires that the radiation is
incident on the same side from which the emitted thermoluminescence is viewed.
The combination dosimeter has an angular dependent response. Therefore, the
response also depends on the distance to the source.
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FIGURE 1. Construction of Powder TLD.
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FIGURE 2. Reading of TLD.
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EXISTING
TLD
PLAttUE

ALUMINUM
PLAQUES

MULTIPLE
TLD

230mg/cm2 TLD

540 mg/cm2
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100 mg/cm2 TLD
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FIGURE A. Modification of Existing TLD Plaque to Accept a Third TLD Chip.


