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INTRODUCTION
One of the advantages of thermoluminescence dosimeters (TLD) is the possibility of

their re-use. To obtain a dosimeter with reliable and reproducible characteristics a pre-
irradiation thermal annealing procedure is necessary. Annealing in TL dosimetry is usually a
procedure of heating the detector to a higher temperature, to keep it at this temperature for a
certain time, followed by a cooling to the room temperature1. Heating and cooling rates are
very important for this process, they influence the dosimeter characteristics of the material2.
Crystal defects which act as trapping centres can be precipitated in a certain area at low
temperatures while at high temperature they are dissociated in the material3. Therefore using
slow cooling defect aggregations can be obtained in the crystal, while rapid cooling results in
a “frozen” high temperature equilibrium. 

The manufacturers of TL detectors usually recommend the annealing temperature and
time, however they do not give instructions about the heating and cooling rates. From the
aspect of practical routine work, every laboratory has to find the optimum heating and cooling
method. 

In this work the influence of various parameters of annealing on the properties of TL
dosimeters (sensitivity, reproducibility, the shape of the glow curve) was investigated.
Various Al2O3:dosimeters were used. The TL dosimeters based on Al2O3 can be used in
different dose ranges depending on the crystal structure of the dosimeter material as well as
the kind and concentration of the activator. In this work Al2O3:C4 and Al2O3:Mg,Y with 0.5 %
and 1 % of activator5-6 were investigated.

 

MATERIALS AND METHODS

Detectors

Commercially available, high sensitivity Al2O3:C (produced in Russia) in combination with
the Al2O3:Mg,Y developed in Hungary were used. Al2O3:Mg,Y dosimeters are polycrystalline
ceramic detectors developed for accidental dosimetry purposes, doped with MgSO4 and Y2O3
in the same percent. Two modified types of aluminium oxide (with magnesium and ytrium
activator, concentration 1 % and 0.5 %) were used. The detectors investigated are shown in
Table 1. 

Because of the relatively high light sensitivity of Al2O3
7-8 the detectors were protected

against light. D2 chips were encapsulated during irradiation and storage in light-tight black



polyethylene foils placed in 3 mm thick rubber holders. Al2O3:C and D3 detectors were
irradiated in polymethylmethacrylate (PMMA) holders with 3 mm wall thickness, containing
recesses for detectors. The holders were wrapped in a dark polyethylene foil.

Irradiation

The irradiation of Al2O3:C and D3 dosimeters with 137Cs gamma rays was performed
at a distance of 1 m from the source; the dose rate was 0.76 mGy/h. D2 dosimeters were
irradiated in a Gammacell irradiator, Model 220 containing 60Co source. The 60Co irradiation
facility and the detailed calibration of the source are described in our earlier paper9. The doses
at the calibration of both sources were specified as absorbed doses to water (measured free in
air). The irradiation dose for Al2O3:C and D3 dosimeters with 137Cs source was 1.75 mGy, for
D2 dosimeters with 60Co source was 2 Gy, respectively (Table 1). In every irradiation run, 10
detectors of each type were irradiated at the same time. 

Readout

The dosimeters were read out with a modified computer controlled TOLEDO 654
manual reader using a starting temperature of 100 °C, heating rate 10 degrees/s, and
maximum temperature of 270 °C. The software enables variable integrating limits. An
external preheat of 100 °C for 20 min and a 24 hours storage before reading was used for all
dosimeters (Table 1) to reduce the influence of their fading.

Annealing procedures

For all types of detectors three different annealing treatments were applied. For
Al2O3:C a re-use without annealing is recommended4 in low dose range. Therefore the first
annealing treatment was the reading cycle itself for all detector types. This procedure is the
“low temperature annealing” (Table 1). For Al2O3:C the manufacturer recommended
annealing after total dose above 0.1 Gy at 900 °C for 10 minutes. This “high temperature
annealing” was carried out in two different ways: 

� high heating rate – high cooling rate: the Al2O3:C detectors were placed on gold foil
in the hot oven and were heated at 900 °C for 10 minutes. After that they were taken
out from the oven and cooled to room temperature. 

� high heating rate – low cooling rate: is the same as the former one except that after
10 minutes the heating was switched off and the detectors were cooled to room
temperature in the oven. 



Table 1. Characteristics and evaluation parameters of the TL dosimetric systems

Detector

(Code)

Al2O3:C

(Al2O3:C)

Al2O3:Mg, Y

(D2)

Al2O3:Mg, Y

(D3)

Material Monocrystal Ceramics Ceramics

Activator C Mg, Y = 0.5 % Mg, Y = 1.0 %

Origin Ural Polytechnical
Institute,
Sverdlovsk Russia

Institute of Isotopes
and Surface Chem.
Budapest, Hungary

Institute of Isotopes
and Surface Chem.
Budapest, Hungary

Size (mm) Φ 5 x 1 Φ 8 x 0.8 Φ 8 x 0.8

Encapsulation 
(thickness, mm)

PMMA holder (3)+
black PE foil (0.01)

Black PE foil (0.01)
+ rubber holder (3)

PMMA holder (3)+
black PE foil (0.01)

Irradiation
Source
Dose (mGy)

137Cs
1.75

60Co
2000

137Cs
1.75

Preheat (T/time)
in oven (°C/min)
in reader (°C/s)

100/20
100/6

100/20
100/6

100/20
100/6

Readout 
Tmax/time (°C/s)
Heating rate (°C/s)

270/35
10

270/35
10

270/35
10

Annealing (°C/min)
Low temperature
High temperature

same as readout
900/10

same as readout
600/60

same as readout
600/60

Two “high temperature annealing” procedure were applied to both types of
Al2O3:Mg,Y (D2 and D3) too. They were annealed for 60 min at 600 °C according to the
recommendation of the manufacturer. The heating rates were different in the two procedures:

� low heating rate - low cooling rate: the D2 and D3 detectors were placed in ceramic
holders in the cold oven and continuously heated to 600 °C. Having reached this
temperature the detectors were kept for 60 minutes at this temperature. After 60
minutes the heating was switched off and the detectors were cooled to room
temperature in the oven. 

� high heating rate - low cooling rate: the D2 and D3 detectors were placed on
aluminium holder in the hot oven and were heated at 600 °C for 60 minutes. After
that the heating was switched off and the detectors were cooled to room temperature
in the oven. 



With every annealing procedure 3 identical measurement cycles were carried out. In
every measurement cycle the same 10 dosimeters were evaluated. 

RESULTS AND DISCUSSION

Influence of annealing parameters on the characteristics of Al2O3:C

Table 2 presents the results obtained in the 3 measurement runs applying various
annealing procedures. In Table 2 the mean value and the standard deviation of the TL
responses are shown together with the calibration factors. The calibration factor was
calculated from Equation (1):

K  =   Dref / αc ,                                                                (1) 

where Dref is the reference calibration dose (1.75 mGy), αc is the TL response of calibration
detectors. 

Table 2. TL responses and calibration factors of Al2O3:C detectors using various annealing
procedures (D = 1.75 mGy)

TL responseRun No

Mean value SD (%)

Calibration factor
(Gy/imp)

“low temperature annealing” (270 °C  for 35 s)

1 346996 4.8 5,04 x 10-9

2 335325 4.0 5,22 x 10-9

3 338485 4.1 5,17 x 10-9

“high temperature annealing” (900 °C  for 10 min)

high heating rate - high cooling rate

1 322160 7.4 5,43 x 10-9

2 318294 9.0 5,50 x 10-9

3 276030 12.0 6,34 x 10-9

high heating rate - slow cooling rate

1 193934 15.9 9,02 x 10-9

2 188366 17.9 9,40 x 10-9

3 171933 19.4 10,18 x 10-9

The mean value of the TL responses in the measurement cycles 1-3 applying “low
temperature annealing” for Al2O3:C was calculated; it is 340 268. The  mean value of the
calibration factors is 5.14 x 10-9 Gy/imp with a standard deviation of 1.8 %. 



As it can be seen (Table 2) the standard deviations of the 10 dosimeters i.e. the
deviation of the individual sensitivities are between 4-4.8 %. The individual sensitivity was
calculated from:

�

� i
iIS �                                                                                                  (2)

where �  is the mean value of the TL response of 10 irradiated dosimeters and αi  is the TL
response of detector i.

It means that the reproducibility of the dosimetric system is very good, within 1.8 %.
The homogeneity of the badge is adequate, the deviation of the individual sensitivities are
within 4.8 %.

The “low temperature annealing” was followed by 3 cycles of “high temperature
annealing” using high heating and cooling rate with the same 10 detectors. The sensitivity of
the Al2O3:C detectors decreased step by step in every cycle. The calibration  factors changed
from 5.43 x 10-9 Gy/imp to 6.34 x 10-9 Gy/imp. The standard deviation of the TL responses
varied from 7.4 % to 12 %. It means that the deviations of the individual sensitivities
increased. 

Further and greater sensitivity decrease was found in the measurement runs following
the previous cycles. The calibration factor changed to 10.18 x 10-9 Gy/imp in the last
measurement cycle. The standard deviation of the TL responses (individual sensitivities)
becomes 19.4 %.

To establish the permanency of the structural changes, the “low temperature
annealing” treatment was repeated again in 3 measurement runs with the same 10 dosimeters.
It was found that the structural changes after high temperature treatment are irreversible.
However, if the dosimeters are treated further only at “low” temperature, the modified
structure is stable. The correction of the individual sensitivity reduced the deviation of the TL
responses 10 times.

The effect of the various annealing treatments on the glow curves of one detector is
shown in Fig. 1. It can be seen that the TL sensitivity decreases significantly after applying
slow cooling rate. The low TL response even after repeated “low temperature annealing”
(Fig.1d) indicates the irreversibility of changes in the TL dosimeters. Summarised results of
the effects of the various annealing treatments for Al2O3:C are shown in Table 3.



Figure 1. The glow curves of Al2O3:C after various annealing treatments
(a) low temperature (in reader at 270 ºC), (b) high temperature (in oven at 900 ºC), high
heating rate – high cooling rate, (c) high temperature (in oven at 900 ºC), high heating
rate – low cooling rate, (d) low temperature (in reader at 270 ºC), (after b and c
annealing treatment)

Table 3. Summarised results of Al2O3:C detectors using various annealing procedures (D
= 1.75 mGy)

Calibration factor Badge uniformityAnnealing treatment
Mean value

(Gy/imp)
SD
(%)

Mean value
(%)

SD
(%)

low temperature 5.14 x 10-9 1.8 4.3 10.1
high temperature

high heating rate -
high cooling rate

5.76 x 10-9 8.4 9.5 24.7

high heating rate -
low cooling rate

9.53 x 10-9 6.2 17.7 9.9

low temperature 10.40 x 10-9 5.1 2.3* 6.2

   *with individual sensitivity correction

Influence of annealing parameters on the characteristics of Al2O3:Mg,Y (0.5 %)
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D2 dosimeters were investigated in similar measurement cycles as Al2O3:C
dosimeters. D2 is foreseen as an accidental dosimeter, therefore the irradiation dose was 2 Gy.
No changes in the TL characteristics of D2 dosimeters were observed between different
measurement runs. The effect of various annealing treatments on the glow curves of one D2
detector is shown in Fig.2. The summarised results of the calibration factors are shown in
Table 4. 

Figure 2. The glow curves of D2 after various annealing treatments
(a) low temperature (in reader at 270 ºC), (b) high temperature (in oven at
600 ºC), low heating rate – low cooling rate, (c) high temperature (in oven at
600 ºC), high heating rate – low cooling rate

Table 4. Summarised results of D2 detectors using various annealing procedures
(D = 2 Gy)

Calibration factor Badge uniformityAnnealing treatment
Mean value

(Gy/imp)
SD
(%)

Mean value
(%)

SD
(%)

low temperature 4.04 x 10-6 1.3 44.8 5.7

high temperature
low heating rate – 
low cooling rate

4.07 x 10-6 1.6 24.0 69.0

high heating rate -
low cooling rate

4.30 x 10-6 9.3 42.2 0.0

The reproducibility of calibration factors is satisfactory, taking into account that the
difference between the maximum and minimum calibration factors in Table 4 is 6.8 %. The
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badge uniformity is poor, however, with individual sensitivity correction the badge uniformity
can be improved. For example, 10.9 % and 5.8  % standard deviations of TL responses were
obtained in the second and third measurement runs (“low temperature annealing”) after
correction with the IS (Eq. 2) values from the first measurement run.

Influence of annealing parameters on the characteristics of Al2O3:Mg,Y (1 %)

The sensitivity of D3 is 6 times higher than that of D27. Therefore, D3 dosimeters
were treated identically to D2, only the irradiation dose was 1.75 mGy. No changes in the TL
characteristics of D3 dosimeters were observed in different measurement runs. The effect of
various annealing treatments on the glow curve of one D3 detector is shown in Fig.3, the
summarised results in Table 5. 

Figure 3. The glow curves of D3 after various annealing treatments 
(a) low temperature (in reader at 270 ºC), (b) high temperature (in oven at 600 ºC),
low heating rate – low cooling rate, (c) high temperature (in oven at 600 ºC), high
heating rate – low cooling rate

Table 5. Summarised results of D3 detectors using various annealing procedures
(D = 1.75 mGy)

Calibration factor Badge uniformityAnnealing treatment

Mean value
(Gy/imp)

SD
(%)

Mean value
(%)

SD
(%)

low temperature 2.25 x 10-6 8.3 8.1 60.6

high temperature
low heating rate – 
low cooling rate

2.20 x 10-6 8.9 6.9 13.8

high heating rate -
low cooling rate

2.40 x 10-6 3.6 6.9 40.0
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Taking into account that the irradiation dose is relatively low for this dosimeter type,
the reproducibility is satisfactory, as well as the badge uniformity. No systematic change was
observed between the measurement runs. Therefore, to measure high doses we recommend
“high temperature annealing”. The heating and cooling rate can be chosen according to
practical circumstances.

CONCLUSIONS
The method of thermal annealing (temperature, heating rate and cooling rate)

significantly affected the sensitivity and reproducibility of the TL response of Al2O3:C while
the same parameters had no influence on the characteristics of Al2O3:Mg,Y dosimeters.
Because of the elimination of F-centres4 both on the surface and inside the Al2O3:C crystal,
“high temperature annealing” (900 ºC) caused a significant (10-50 %) sensitivity decrease.
This process was irreversible.

The optimum annealing procedure was found as follows:

� Al2O3:C 270 ºC/35 s (reading cycle)
� Al2O3:Mg,Y (0.5 %) 600 ºC/1 h (heating and cooling rate
� Al2O3:Mg,Y (1 %) 600 ºC/1 h has no influence).

The comparison of dosimetric characteristics in case of an optimum treatment gave the
following results: 

� relative TL sensitivity increases in the series 
Al2O3:Mg,Y (0.5 %): Al2O3:Mg,Y (1 %): Al2O3:C =1:2:1000,

� reproducibility of the calibration factor (expressed as the standard deviation of the
measurements) is better than 5 % for all types of TL dosimeters. 
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