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Abstract: The estimation of firing temperature of ceramics using methods based on pre-dose sensiti-
zation of the 110°C TL peak of quartz have yielded incoherent results. Recently the fast component of
the CW-OSL of quartz has been observed to have pre-dose characteristics similar to that of the 110°C
TL peak. The motivation for this study has been to look into the feasibility of this signal, the OSL
counter part of pre-dosed TL emission, for the firing temperature identification. The variation in the
sensitization ratio of the TL and OSL emissions with different heating temperatures was also utilized

to unveil the firing temperature mark of the specimen.
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1. INTRODUCTION

Thermal treatment has a profound influence on lumi-
nescence properties of a phosphor. The luminescence
dating methods incorporate the pre-heating or heat deple-
tion in their protocols (Aitken, 1985). The sensitivity
change experienced by the sample since antiquity is pri-
marily governed by the thermal treatment experienced by
the sample during zeroing episode or thereafter during its
lifetime since zeroing event (Roque et al., 2004). As
perfect zeroing is a pre-requisite for reliability of TL
dating technique, the information about the firing temper-
ature, prevailing during zeroing episode, will lend relia-
bility to the age estimation of the ceramic.

Various non-luminescent techniques have been applied
to see the impact of heat treatment on archaeological and
geological specimens. The effect of heating; (i) on the
broadening of diffraction lines (Weymouth and Mande-
ville, 1975), (ii) electron resonance signal (Robins et al.,
1978) and (iii) Mossbauer spectrum (Jones et al., 1979)
have been studied to monitor the firing temperature.
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Methods based on luminescence phenomenon have
been proposed for various natural phosphors. Valladas
(1983) proposed a method for flint based on the proper-
ties of the 380°C emission. Goksu et al. (1989) and God-
frey-Smith and Ilani (2004) utilized the sensitization of
the 110°C peaks in flint to record the temperatures expe-
rienced by these samples in the past. Lahaye et al. (2006)
devised a method based on the thermal activation charac-
teristics of the 110°C peak of quartz to unveil the thermal
history of ferruginous sandstones. Polymeris et al. (2007)
suggested that techniques based on both luminescence
emissions, TL and OSL, would be able to provide an
assessment of the firing temperature.

The pre-dose sensitization of the crystalline quartz is
governed by the previous radiation dose and the subse-
quent thermal activation experienced by it. Zimmerman
established the pre-dose model based on the transfer of
charges from one recombination centre to another (Zim-
merman, 1971). Attempts have been made to estimate the
firing temperature of quartz using methods based on the
TL pre-dose sensitization luminescence (Sunta and Da-
vid, 1982; Watson and Aitken, 1985; Koul et al, 1996).
The proposed method involves studying the behaviour of
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the pre-dose sensitivity of the pre-fired quartz with the
subsequent annealing at different increasing tempera-
tures, called re-firing temperatures. The findings of these
groups reached different conclusions. While Sunta and
David (1982) firmly established the authenticity of the
method Watson and Aitken (1985) and Koul ef al,
(1996) found that the procedure might not be generally
applicable.

The nature of the 110°C TL peak of quartz and the
fast component of the CW-OSL has been observed to be
very similar in nature (Aitken and Smith, 1988; Murray
and Roberts, 1998). Based on the correlation studies, it is
now widely believed that the two processes share the
same luminescence centres (Franklin ef al., 1995; Chen et
al., 2001). Recently the characterization of the pre-dose
phenomenon, a special feature of the 110°C TL peak, of
the fast component of the CW-OSL suggested that it also
possesses the signatures of the pre-dose phenomenon
(Koul and Chougaonkar, 2007). The pre-dose behaviour
of the two luminescence emissions has been observed to
be very similar.

The relationship between 110°C TL and OSL emis-
sions of quartz has been reported to be influenced by the
firing temperature (Murray and Wintle, 2000; Chen et al.
2000). In the development of the single-aliquot regenera-
tive-dose (SAR) protocol for OSL dating the 110°C TL
peak was found to be proportional to the OSL signal till a
thermal treatment of 500°C. Moreover, heating beyond
this temperature was also observed to favour the TL pro-
cess. To explain this behaviour Li (2002) proposed a
model which proposed that the TL and OSL emission
processes are related to different suites of the R-centres.
This disparity between the two signals has been suggest-
ed to might occur also due to (i) difference in the capture
probability of the 110°C TL and OSL traps in charge
capture during irradiation process and (ii) the variation in
the degree of competition offered by the E;’ centre, one of
the main defect centres present in quartz, to the electrons
released from these two traps during the luminescence
read out (Koul, Submitted).

This study was motivated by the above mentioned
two features (i) observation of the pre-dosed OSL signal
and (ii) influence of high temperature heating on the
TL/OSL ratio. Accordingly, procedures based on the
observation of these two phenomena of the pre-fired
samples with increasing heating temperatures, re-firing,
were undertaken to identify the firing temperature of
quartz specimen.

2. EXPERIMENTAL DETAILS

Quartz grains, 90-125 pum, were extracted from two
local geological samples, (i) Thar desert, India and (ii)
municipal sludge, Baroda, India using conventional
method. The sludge is being irradiated in a radio-isotope
plant at SERI, Baroda, India. The heat treatments were
performed in a resistance furnace for one hour in air for
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all the samples. Thereafter, the samples were allowed to
cool down in the furnace itself. All the data points in the
study contain the average value of three observations
carried out using three fresh discs. Disc to disc reproduc-
ibility of better than 5% was observed in case of most of
the measurements. The heating rate during TL measure-
ments was set at 5°C/s. The OSL signal was represented
by the initial signal recorded during the first 0.16 s.

Luminescence measurements were made using an au-
tomatic Rise TL/OSL system, TL-DA-15. It can accom-
modate 48 samples and has an on-plate attached
B-irradiator. It provides a cluster of 49 blue light emitting
diodes delivering a power of ~25 mW/cm? to the sample.
The detection filter used in all observations was a Hoya
U-340 (I,~340 nm, FWHM ~80 nm). Irradiation of the
samples was carried out using a *°Sr/’°Y p-source (dose
rate 1.39 Gy/min) housed in the system.

3. OBSERVATIONS

The measurements in this study essentially involved
looking into the nature of luminescence of the pre-fired
samples with re-firing at different temperatures. The
various features observed in this work are as under.

Behaviour of pre-dose sensitization of pre-fired sam-
ples with re-firing

The samples, Thar and Sludge, were fired at tempera-
tures of 600 and 800°C respectively for one hour in air.
These samples will be referred to as pre-fired samples.
The sub-samples derived from them were subsequently
re-fired at different temperatures 400 to 900°C and 400 to
1000°C in steps of 100°C for Thar and Sludge samples
respectively. The slightly higher upper window of re-
firing temperature for the latter was chosen due to the fact
that it has been fired at higher temperature, 800°C. The
idea was to have sufficient number of data points around
the firing temperature mark. The sensitization measure-
ments of the 110°C TL and OSL emissions were meas-
ured using the procedure as follows:

1) Administer a test dose (0.4 Gy).
2) Pre-heat at 160°C and record 110°C TL peak (TL,).
3) Stimulate for 40s at 125°C to record OSL (OSL,).
4) Administer a laboratory dose — pre-dose (10 Gy).
5) Heat the sample in glow oven at 380°C (activation
temperature) in a usual way like recording a glow
curve.
Repeat steps (1) to (3) to record 110°C TL (TLg) and
OSL (OSLg) signals.
TL, and OSL, represent the test dose signals of 110°C
TL and fast component of CW-OSL, recorded prior to the
application of the pre-dose treatment respectively, while
as, TL, and OSL, represent the signals after the applica-
tion of the pre-dose treatment. The sensitization was
defined as (TLp/TL,) and (OSLg/OSL,) for TL and OSL
emissions respectively. The pre-dose treatment consisted
of a test dose of 0.4 Gy, pre-dose of 10 Gy and thermal
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activation temperature of 380°C. The activation tempera-
ture of 380°C, employed in the protocol, step (5), was
found to be optimum in the pre-dose activation mecha-
nism in case of both the samples (Koul and Chougaonkar,
2007).

The variation in the sensitization of the fast compo-
nent of CW-OSL and TL emissions of the Thar and
Sludge samples with the re-firing temperatures is shown
in Fig. 1a and 1b respectively. The arrows marked in the
figure indicate the temperatures at which the samples
were pre-fired. The curves consist of three different re-
gions; initial stable portion, middle rising region and
finally a falling region. By and large the sensitization
curves of TL and OSL have a similar pattern in case of
both the samples. The plots do not depict any trend, like
monotonous enhancement once re-firing overtakes the
firing temperature, which can infer any information about
the firing temperature of the specimen.

Response of TL and OSL to heat treatment

The effective utilization of the (TL/OSL) ratio as a
parameter for the firing temperature identification would
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Fig. 1. Measurement of the OSL (a) and TL (b) sensitization of the
Thar and Sludge samples after re-firing at various high temperatures
400-900°C and 400-1000°C in steps of 100°C in case of Thar and
Sludge samples respectively. The pre-dose treatment consisted of a
test dose of 0.4 Gy, pre-dose of 10 Gy and thermal activation tempera-
ture of 380°C. The arrows point out the firing temperatures experi-
enced by the specimen prior to re-firing, 600 and 800°C in case of
Thar and Sludge respectively.

require to ascertain the behaviour of two signals with
high temperature (>500°C) heating. Though the higher
temperature heat treatment has been reported to work in
favour of the TL process, it was found necessary to ob-
serve the trend in case of the samples studied here (Mur-
ray and Wintle, 2000; Chen et al., 2000). This would be
necessary for employing this feature in the firing temper-
ature estimation. The study, therefore, comprised of two
parts (i) behaviour of TL and OSL emissions with high
temperature treatment, i.e. firing and (ii) observation of
the (TL/OSL) ratio of the pre-fired specimen with differ-
ent re-fired temperatures.

Behaviour of (TL/OSL) ratio with firing temperatures

The samples were fired to different temperatures for
one hour in air, in the ranges of 600 and 900°C in the
case of Thar and 700 and 800°C in the case of Sludge.
The heating temperature range of 600-900°C was chosen
with purpose, as this is the typical region of firing en-
countered by the specimen of interest, ceramics. The
luminescence measurements were carried out in the same
way as discussed above.

The sensitivity ratio of the two luminescence signals,
TL/OSL, at different firing temperatures is depicted in
Table 1. The un-sensitized and sensitized modes of lumi-
nescence represent the signals recorded with test dose and
pre-dose respectively, as mentioned above. As is clear
from Table 1, the increase in the firing temperature is
found to enhance the TL process in comparison to the
OSL sensitization for both the samples. This is true of
both, pre-dose sensitized and un-sensitized, luminescence
emissions. Also, the larger the difference in the firing
temperatures, as is the case with Thar samples here, the
higher the variation in the sensitivity ratios. Though, it
should be born in mind that these sensitivities also de-
pend on the nature of the specimen. The observations
indicated that the magnitude of heating temperature,
firing temperature, has a bearing on the ratio of the TL
and OSL signals of quartz. So, it seems this parameter
might be feasible for the firing temperature identification.

Table 1. Variation of TL and OSL signals with different firing tempera-
tures. This is reflected by the ratio of the two emissions at these heat-
ing temperatures. The ratios are shown for both un-sensitized and
sensitized signals for both the samples, Thar and Sludge.

Sample Firing Tempera-  Un-sensitized  Sensitized sensi-
ture sensitivity ratio tivity ratio
(°C) (TLo /OSLo) (TLg /OSLg)
Thar 600 0.72 1.67
900 15.74 6.98
Sludge 700 0.46 0.75
800 3.6 4.48
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Variation of the pre-fired (TL/OSL) ratio with re-firing
temperatures

The sensitivity ratios of TL and OSL signals was de-
rived from the obtained data, measurement of these indi-
vidual signals with the re-firing temperatures. The ratio
curves are depicted in Fig. 2a sensitized and 2b un-
sensitized. The overall features of the ratio curves behave
in a totally different way for the sensitized and un-
sensitized emissions. While as the sensitized ratio curves
have regions with different trends the un-sensitized
curves, more or less, depict a monotonous decrease ex-
cept for a small shoulder in the case of Thar sample. The
TL and OSL ratio curves of the two samples look similar
in case of both sensitized and un-sensitized signals.

The sensitized ratio curves, Fig. 2a, do not seem to
have any correlation, whatsoever, with the firing tempera-
ture experienced by the samples. The increase in both the
curves initiates at 700°C which does not match with ei-
ther of the two firing temperatures, 600 and 800°C, ap-
plied in the study. The un-sensitized ratio curves also
don’t in any way reflect the firing temperature mark;
while as it decreases monotonously in case Sludge sam-
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Fig. 2. Variation of the pre-dose signals (a) sensitized and (b) un-
sensitized ratios of TL and OSL signals with different re-firing tempera-
tures 400-900°C and 400-1000°C in steps of 100°C in case of Thar
and Sludge samples respectively. The arrows point out the firing
temperature marks experienced by the samples, 600 and 800°C in
case of Thar and Sludge samples, respectively. The ratios were de-
rived from the data of the Fig. 1.
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ple the Thar sample demonstrates an ascent at 500°C
followed by a descent at 700°C. On a closer look one can
observe the similarity in the initial and the tail of the two
curves in this plot.

4. DISCUSSION

In their studies Sunta and David (1982) observed en-
hancement in the TL pre-dose sensitization once the re-
fired temperature crossed the firing temperature mark.
Thereafter, it increased monotonously in an appreciable
way. This way they demonstrated the successful utiliza-
tion of the technique for the firing temperature evalua-
tion. Watson and Aitken (1985), on the contrary, did not
observe any such pattern. Moreover their results lacked
mutual consistency, with different samples yielding quite
different results.

In order to resolve the incoherence in the two findings
mentioned above Koul ef al. (1996) examined the validity
of the technique using a wide spectral band. This band
was chosen to minimize the spectral changes, if any,
during the firing process. The results of their studies
indicated that the technique might not be generally appli-
cable for firing temperature estimation, same as suggest-
ed by Watson and Aitken (1985). One general feature
observed in the most of their samples was the de-
sensitization effect with re-firing initiating in the tem-
perature range of 800-900°C. In fact, this behaviour can
also be seen in many of the samples studied by Watson
and Aitken (1985). The impact of the heat and irradiation
treatments, as incorporated in the pre-dose measurement,
on the various impurities present in the quartz lattice was
analysed by Koul (2006). Based on this study, it was
recognized that it could be the role of the alkali ions
which might limit the capacity of the pre-dosed 110°C
TL peak to remember the firing temperature.

A first look at the sensitization curves of Sludge sam-
ple and OSL sensitization curve of Thar may make one to
believe that the curves are able to reflect the firing tem-
perature mark. This might happen because the sensitiza-
tion looks to initiate around the respective firing tempera-
tures. But, the enhancement in the sensitization does not
sustain beyond around the 800-900°C region, the temper-
ature range where the phase transition occurs in quartz.

Studies carried out to monitor the variation in sensi-
tivity of both the 110°C TL and fast component of the
CW-OSL emissions with different high heating tempera-
tures have, in general, yielded similar results (Botter-
Jensen et al., 1995; Schilles et al., 2001; Chen et al.,
2001). The sensitivity has been observed to vary appre-
ciably around heating temperatures corresponding to the
phase transition of quartz, ~ 800-900°C, the region of
quartz — B, tridymite phase transition of quartz. Based on
various techniques TL, LM-OSL, EPR and CW-OSL it
has been reported that UV emission at 360 nm was en-
hanced by heating to 700°C (Poolton et al., 2000; Schil-
les et al., 2001). So, considering all these observations,
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the overall pattern of the sensitization curves obtained in
this study, look to have features similar to those generat-
ed by just annealing, firing, of the quartz at higher tem-
perature. The re-firing does not seem to contribute any-
thing significant towards the behaviour of the sensitiza-
tion curves. The de-sensitization observed here in the
temperature range of 800-900°C might be attributed to
the phase transition of quartz. The sensitization curves
seem to carry the signatures of the phase transition.

Our results did support the earlier findings that the
higher temperature firing has a bias towards TL mecha-
nism (Table 1). Establishment of firing temperature ex-
ploiting this feature was attempted in this study. The
sensitized ratio curves, Fig. 2a, more or less behaved in a
similar way as the sensitization plots, Fig. 2a. The un-
sensitized plots, Fig. 2b, pattern was observed to be a
mixed one- ratio curve corresponding to Sludge sample
decreased monotonously while as the one corresponding
to Thar enhanced at 500°C and started decreasing at
700°C. The behaviour of the latter may be explained on
the basis of different response of the mechanisms respon-
sible for the OSL and TL emissions to (i) the phase tran-
sition occurring in quartz at 573°C and the annihilation of
competitive centre, E,’, active in this heating temperature
region (Koul, Submitted). The impact of the firing tem-
perature was presumed to get reflected in the sensitization
ratio curves once the re-firing temperature gets over the
firing temperature value. The hypothesis conceived was
(1) the firing at certain high temperature will establish a
certain value of the (TL/OSL) ratio, (ii) re-firing at tem-
peratures lower than the firing temperature will not alter
the ratio as the specimen has already experienced temper-
ature higher than these values and (iii) once the re-firing
exceeds the firing temperature the ratio would be reset
and result in enhancing the (TL/OSL) sensitization fur-
ther. However, the results did not seem to follow this
hypothesis.

5. CONCLUSION

The results suggested that the methods based on the
pre-dose sensitization of the OSL emission, like its 110°C
TL counterpart, might not be able to identify the firing
temperature mark. The firing of the sample at higher
temperatures was observed to favour the TL process. The
firing temperature estimation, utilizing the ratio of the TL
and OSL signals, again, could not reveal the firing tem-
perature. The measurements carried out seem to be influ-
enced by the phase transition phenomenon of quartz.
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