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Radiation accidents led to the birth of an area in physics, accidental dosimetry. Thermoluminescence (TL) is a
basic application tool in radiation dosimetry. Ceramic porcelain has been widely used in dentistry and is the
most applied material as veneer layer in metal-ceramic restorations. The present work is aiming to prove this
material as an accidental personal dosimeter. For this purpose, freshly prepared and in-vitro aged samples were
examined, and the measurements were also applied in in-vivo aged samples which were collected from patients.

1. Introduction

Thermoluminescence (TL) is a basic application tool in radiation
dosimetry, an area in Physics born in order to study and give insights to
the consequences of radiation accidents. Its main application is on the
determination of the absorbed dose due to radiation events, over and
above the normal background radiation. Several materials have been
studied as potential accidental dosimeters, such as building items
(Bailiff et al., 2016). Among these materials, the attention is also fo-
cused on those which can be found in the anthropogenic environment,
but also on those that are probable to be found on a person, or even
assembled in a person; in the last category, human hair, teeth and nails
are included, but biomaterials also, which are widely used in surgical
and dentistry applications (Bailiff et al., 2016; Polymeris et al., 2017).

Porcelain has been widely used in dentistry and is the most applied
material as veneer layer in metal-ceramic restorations. It has been used
in dentistry restoration since 1789 and, in 1962, porcelain composed by
feldspathic ceramics was firstly used by Weinstein et al. (1962) for
metal-ceramic restorations. In the last category, feldspathic ceramics
are generally consisted of feldspar, quartz, kaoline and other oxides
(e.g. LizO, B503, MgO, P,05) (Yamamoto, 1985).

The present work attempts to prove porcelain as an accidental
personal dosimeter. For this purpose, freshly prepared samples and in-
vitro aged were examined. The measurements were also applied in in-
vivo aged samples, which were collected from patients. Although por-
celain has been examined before as a potential material for accidental
dosimetry, the majority of the relevant scientific works is referred only
to laboratory prepared samples (Veronese et al., 2010; Geber-
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Bergstrand et al., 2012; Ekendahl et al., 2013; Ekendahl and Judas,
2017). It is a unique experiment that aims to collect information from
both in-vitro and in-vivo aged samples and study thoroughly their do-
simetric properties. Additionally, characterization analysis (X-Ray Dif-
fractometry and UV-Vis spectrophotometry) was applied to every step
of the aging, in order to record any potential structural changes of the
material under study.

2. Materials and methods
2.1. Sampling

In the present work, ceramic specimens were fabricated from the
veneering glass-ceramic IPS e.max Ceram by Ivoclar Vivadent AG. The
specimens were prepared according to the production company's
guidelines (“IPS InLine System, Instructions for Use, 2006”), and in two
specimen groups, with and without glazing.

The in-vitro aging was achieved through a thermal cycling proce-
dure. Thermocycling (TC) simulates the oral environment by causing
artificially accelerated aging. This method includes standardized
thermal variations in a humid environment with deionized water,
which simulates the thermal variations developed within the oral cavity
(Gale and Darwell, 1999; Wegner et al., 2002; D'Amario et al., 2010;
Palla et al., 2018; Kelesi et al., 2018).

For TC, the specimens were subjected to repeated cycles of hot and
cold, in water baths according to the following sequence: 5°C-37 °C to
55 °C-37 °C. In total, 7300 cycles were performed as -according to Gale
and Darwell (1999) - this number of cycles corresponds to one year of
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exposure in the oral cavity (Gale and Darwell, 1999; Palla et al., 2018;
Kelesi et al., 2018).

In the present work, eight glass-ceramic groups of specimens were
fabricated. Each group included 3 specimens, to enhance the accuracy
of the measurements through repeatability. Half of them were left as-
received, while the rest were glazed, simulating the standard clinical
procedures. The specimens of the two different sets (as-received and
glazed) were subjected to different aging time:

e Sample A: Zero aging

e Sample B: 7300 TC cycles, corresponding to 1 year of in-vivo aging
e Sample C: 14600 TC cycles, corresponding to 2 years of in-vivo aging
e Sample D: 21900 TC cycles, corresponding to 3 years of in-vivo aging

The in-vivo aged samples -which were studied during the present
work-came from dental waste; old metal-ceramic restorations (crowns
and bridges) were removed from patients because of their natural wear,
in order to be replaced by new ones. The samples were in different
stages of preservation and material loss; in some cases, only the metallic
framework remained intact, with a minimum presence of the veneer
material. According to the patients’ statements, the collected dental
restorations were placed 10-20 years ago. After their extraction, the
dental restorations were cleansed and stored.

2.2. Characterization measurements

Characterization analysis of the samples was implemented by means
of X-Ray Diffraction analysis (XRD) and Spectrophotometry (UV-Vis).
The analysis was performed on the freshly prepared samples -glazed
and unglazed-, and during of the stages of artificial aging of them, in
order to examine the possible alterations of the material due to the
aging process.

Phase identification of the components of the samples was per-
formed by means of XRD, using a two-cycle Rigaku Ultima™ X-ray
diffractometer, operating at 40 kV/30mA, with CuK, radiation, in
Bragg-Brentano geometry (operating conditions: step 0.02°, count 1.5 s/
step, range 5-90°). The collected XRD diffractograms were identified
with JCPDS-ICDD (“PC Powder Diffraction Files, 2003”).

UV-Vis measurements were performed with a PerkinElmer UV-VIS
spectrophotometer, model Lambda 18, equipped with an integrating
sphere, in reflectance mode, in the region of 200-800 nm, with a re-
solution of 1 nm. The optical band gaps were determined by applying
the Kubelka - Munk equation and the Tauc plots on the collected diffuse
reflectance spectra of the samples (Kubelka and Munk, 1931).

2.3. TL system

The TL System used for the thermoluminescence measurements is a
Harshaw 3500 TLD-Reader, including only neutral density filters. The
irradiations were applied through a °°Sr/°°Y beta particle source, with
a dose rate of 1.72 Gy/min. All measurements were performed in a
nitrogen atmosphere, with a low constant heating rate of 2°C/s, in
order to avoid significant temperature lag. The samples were heated up
to the maximum temperature of 400 °C.

3. Results and discussion
3.1. XRD measurements

In general, all the samples present the amorphous glass matrix form,
which is the characteristic of porcelain (Fig. 1). The glass matrix form is
dominant in all of the samples -unglazed and with the additional
glazing. Additionally, there are indications of the phase of fluorapatite
in the unglazed specimens, because of the 2-theta peak at 31.9°, which
corresponds to the major (2 1 1) crystal lattice plane diffraction of
fluorapatite (“PC Powder Diffraction Files,” 2003). The fluorapatite -in
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Fig. 1. Bragg-Brentano XRD patterns of porcelain samples; (a) and (b) corre-
spond to the initial and without aging samples, without glazing and with
glazing, respectively. The XRD pattern namely (c) is representative of the in-
vitro aged samples, both with and without glazing (¢ fluorapatite hexagonal
#15-0876, identification with JCPDS-ICDD).

nano-dimensions- is an additive of the porcelain under study (Biihler-
Zemp and Volkel, 2005). The phase of fluorapatite is also present in the
diffractograms of the glazed specimens after their in-vitro aging
(Fig. 1c, as representative of the glazed and unglazed specimens after
the in-vitro aging). Its presence is attributed to the gradual wear and
decay of the superficial glazing.

3.2. UV-Vis measurements

Fig. 2 presents the diffuse reflectance spectra (a and c) and their
Tauc plots (b and d) of the groups of glazed and unglazed specimens, for
the specimens as-received and for all the in-vitro aging periods. All the
samples present similar values of the optical band gap, of
(3.45 + 0.36) eV, with no significant difference regarding the aging
time or the presence of glazing. The estimated optical energy gap im-
plies that a trap appropriate for dosimetry could be present. On the
other hand, the gap is narrow enough, so it ensures that no very deep
traps (VDT) are present.

3.3. TL measurements on the porcelain specimens

Several protocols were applied to the samples. The results revealed
the TL properties of both the glazed and un-glazed porcelain specimens,
combined with the different in-vitro aging times. Furthermore, in-vivo
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Fig. 2. Diffuse reflectance spectra (a, ¢) and Tauc plots with the applied linear fittings (b, d) for the determination of the optical band gaps of the samples. The
calculation of the optical band gaps was applied in the noted linear regions of the Tauc plots within the ellipsoids.

aged samples were studied in order to be compared to the corre-
sponding in-vitro aged specimens.

3.3.1. The shape of the TL glow curve and sensitivity changes

The preliminary thermoluminescence measurements on porcelain
showed that the glow curve consists basically of two main glow peaks,
as it is shown by the TL glow curves of the successive cycles of irra-
diation-measurement in Fig. 3. The first one is a low temperature peak
around (120 * 5) °C. The other one is a high temperature peak at
(260 = 10) °C. The high temperature peak is suitable for dosimetric
applications, while the low temperature peak shows characteristics
which seem to be suitable for estimating the time elapsed from the end
of irradiation (medical irradiation or accidental incident related to io-
nizing irradiation).

The successive cycles of irradiation and TL measurement reveal that
there are no significant differences in the shape and the intensity of the
glow curve (Fig. 3). Specifically, ten successive cycles of irradiation
(17 Gy) and heating up to 400 °C were carried out in order to in-
vestigate this behavior. These results imply that all the several experi-
mental protocols are applicable also in single aliquot. Single aliquot
protocols are the easiest to use in case of accidental dosimetry, espe-
cially in the case where only small amounts of sample are available.
This last statement is of great importance in the case of biomaterials
-including dental restorations-in order to minimize the invasion of the
procedure.
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Fig. 3. TL glow curves of a porcelain specimen after the 1st, 5th and 10th
successive cycles of irradiation-measurement, as representative of the succes-
sive measurements process. The shape and the intensity of the curves are si-
milar for all the successive cycles, and independent of their state (glazed and
unglazed specimens, as-received and in-vitro aged).
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Fig. 4. Dose response of the samples A, B, C and D, for both peak 1 (P1) and peak 2 (P2). The data points were linearly fitted and the slopes are equal to 1 + 0.05.

The errors of the integrals are less than 2%.

3.3.2. Dose response and recovery test

The dose response protocol was performed for seven different doses
between 1 and 55 Gy; all samples showed similar response to the dif-
ferent doses. As it is displayed in Fig. 4, both TL peaks show linear
dependence over dose. Moreover, the linear fittings over the dose re-
sponse measurements show that the slopes are equalto1 + 0.05 for all
the groups of specimens under examination, and for both the TL peaks.
The linear response to the doses is the most important property for a
potential dosimeter.

The second TL peak, at ~260 °C, which corresponds to a deeper
trap, is more probable of being stable in comparison with the first TL
peak, at ~120 °C. For this reason, a dose recovery test was applied only
to the second TL peak, as it is considered as more efficient to be used as
a dosimetric peak. The dose recovery test of the second peak was ap-
plied according the protocol used by Duller (2008) and Wintle and
Murray (2006).

After zeroing of its signal, the aliquot was irradiated with a known
dose; in our case, this dose was settled on 5.16 Gy. This particular dose
—of 5.16 Gy-was afterwards used as the “unknown” irradiation dose.
Afterwards, the single aliquot regenerative dose (SAR) protocol was
applied, which comprises subsequent cycles of irradiation with a dif-
ferent dose each time (D; = 1.72, 3.44, 6.88, 12.04, 13.76 and 20.64 Gy
and finally repeating the dose of 1.72 Gy for checking the recycling
ratio), followed by a TL measurement up to 400 °C (L;). In the second
half of each cycle, the aliquot was irradiated with a test dose of 8.6 Gy,
and then the TL signal (T;) was recorded. The procedure was applied in
3 aliquots, for repeatability reasons.

Fig. 5 illustrates the corrected luminescence signal (L;/T;) as a
function of the applied irradiation dose. Each data point represents the
mean value of the three measured aliquots. The recycling ratio is equal
to 0.99 + 0.01, which is a value really close to the ideally value of 1.
The “unknown” dose can then be calculated and it is found equal to
(5.6 = 0.1) Gy. The final calculated ratio of the recovery dose test is:
5.16 Gy/5.6 Gy = 0.92, which is acceptable for using a sample of a
particular material for dosimetry.

3.3.3. TL fading

In order to examine the fading of the TL signal after the storage of
the specimens in dim conditions, in association with the storage time
period, the following protocol was applied:

e Step 1: Irradiation with a Test Dose (TD) of 27 Gy and subsequent TL
measurement to obtain the initial sensitivity.
e Step 2: TD and storage in dark for t; = 2, 15, 26 and 50 h.
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Fig. 5. The single aliquot regenerative dose (SAR) procedure applied to por-
celain. The known doses are annotated with cycle symbols, while the triangle
symbol represents the “unknown” dose. The growth of signal with dose is
characterized by administering a number of laboratory doses of different values
and measuring the resulting signals L;. After each measurement, the lumines-
cence sensitivity was measured by giving a fixed dose (here 8.6 Gy) and re-
cording the resulting signal T;. The effect of changes in sensitivity can be cor-
rected by taking the ratio of the luminescence signal (L;) to the response to the
fixed dose (T;). The plot of the sensitivity-corrected TL (L;/T;) as a function of
the laboratory dose can be used to calculate the recovery dose for that aliquot.
The errors were estimated < 1%.

e Step 3: Residual TL (RTL) measurement up to 400 °C for measuring
the faded TL signal, while emptying at the same time all electron
traps which were thermally activated below that temperature.

Fig. 6 illustrates the RTL glow curves according to the fading pro-
tocol. The second TL peak remains almost stable, at least for the first
two days. This result is of great importance, as the period of the first
two days is regarded as crucial, in case of an accident connected with
ionizing irradiation.

On the contrary, the first peak is regarded as possible to be used in
order to estimate the time elapsed since the accident. In this direction,
the remnant signal of the first peak was treated according to the pro-
cedure described by Polymeris et al. (2006). Fig. 7 shows the fading of
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linear equation while the fitting parameters are also displayed.

the TL signal of the first peak; the data points are fitted with a linear
equation according to the following form:

r=A-— K-ln(i)
lo

where A= 1, K = (In(t,/t,)) "%, t, is the maximum time for which the
tunneling mechanism holds, and ¢, is the short period of time between
the end of the irradiation and the measurement. As it is displayed in
Fig. 7, the linear fitting presents a slope of 0.1131 and an intercept of
0.992. Thus, Eq. (3.1) is written as:

[3.1]

r=0.992 — 0.1131-ln(L)

0

[3.2]

3.3.4. Lower detection limit

The Lower Detection Limit (Dyp;) was calculated under the proce-
dure described by Pagonis et al. (2006). According this procedure, the
Dipy, is defined as three times the standard deviation (o) of the zero
dose reading, given in Gy.

11
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e The average of the zero dose readings is equal to 128 a.u., with a
standard deviation of 10 a.u.

e The calibration factor of the TL reader is given by the calibration
dose (1.72 Gy) divided by the average value of 24 TL readings (equal
to the 8 groups X 3 specimens), and the result is (5.55 = 0.43)
mGy/a.u.

e Finally, the «calculated Djp. is equal to: Dip =
(3 x 10) x 5.55~0.2 Gy, for a sample of mass comparable to the
mass of LiF: Mg, Ti (TLD-100) (25 mg, chip).

This evaluated Dyp;, value is considered as promising for using
dental porcelain as a proper material for accidental dosimetry.

3.3.5. Isothermal decay
The experimental procedure for the Isothermal Decay study of TL
(ITL) was performed according to the following protocol:

e Step 1: The previously annealed aliquot was irradiated with
TD = 25 Gy, in order to populate the traps and centers.

e Step 2: TL measurement up to a temperature T with a step of 2 °C/s.
At this temperature, called Tge., the sample was left to decay ther-
mally for 100s.

e Step 3: After the end of the decay period, the sample was cooled
down to room temperature and then measured up to T = 400 °C.

e Step 4: The steps 1-3 were repeated for a new decay temperature
Taec-

Tgec is at the range of 80-150 °C with a step of 10 °C. These tem-
peratures are connected with the temperature range of the first glow
peak.

Fig. 8 shows that the normalized curves almost coincide; there is
only a slight difference between them, independent on the stimulation
temperature. This kind of results is considered as a typical behavior for
tunneling recombination processes at elevated temperatures (Sfampa
et al,, 2014). All the obtained experimental data were analyzed by
applying a de-convolution approach. In the computerized curve de-
convolution analysis of ITL, the goodness of fit was tested by the figure
of merit (FOM) of Balian and Eddy (1977). Microsoft Excel along with
the Solver add-on feature (Afouxenidis et al., 2012) is being utilized for
all curve fittings.

The recorded curves from this experiment were analyzed and fitted
through the following analytical equations (Kitis and Pagonis, 2013):

_CIF®P
I(t) = T+ zAr exp(—p'[F(8)]*) [3.3]
F(t) = In(2.718 + zAt) [3.4]

where C is a constant related to the initial concentration of trapped
electrons, and the quantity A ™ represents the stimulation prob-
ability for the ITL stimulation process. The stimulation probability can
also be described as A = 1/z, where 7 is the characteristic time constant
for each stimulation mode, and I(t) represents the intensity of the signal
as a function of time. The time parameter in the case of ITL represents
the duration of the isothermal experiment. In this equation, p’ is the
dimensionless concentration of charge carriers and z = 1.8 is a con-
stant. Regarding the ITL experiments, A = s - exp (-E/kT), where T is the
constant temperature, E the activation energy, s is a frequency factor
and k is the Boltzmann constant.

An example of the fitting procedure is presented in Fig. 9. One
tunneling component plus a linear long-lived component were able to
fit the experimental data. All the data for each sample were fitted ac-
cording to the aforementioned procedure.

3.3.6. Estimation of activation energy
In order to reveal more information about the glow curve, two
different ways were followed. Firstly, the initial rise (IR) method was
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Fig. 9. An example of the fitting procedure according to equations [3.1]-[3.2]
for the sample A. The black circles represent the experimental data, while the
red line is the sum of the fitted components (blue line corresponds to the tun-
neling component and green line corresponds to the linear long-lived compo-
nent). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

applied, as described by Chen and McKeever (1997). The IR method is
the most valuable technique for the evaluation of the activation energy
of an electron trap responsible for a TL peak. The method was in-
troduced by Garlick and Gibson (1948) and a generalized version of the
initial rise method named fractional glow technique has been presented
by Gobrecht and Hofmann (1966). The method was applied to one
specimen of each group of samples (glazed, unglazed, initial and in-
vitro aged); the calculated values of the activation energies showed
differentiations no bigger than 10%. In Fig. 10a, the mean values of the
calculated energies are illustrated, as a function of temperature. The
results show that the first peak corresponds to a trap with an energy of
(1.15 = 0.1) eV, while the second peak corresponds to a trap with an
energy of (1.3 = 0.1) eV.

Then, the glow curves were analyzed through a deconvolution
method of analysis, using the general kinetic order model (GOK) for all
of the specimens under study (Kitis et al., 1998). In Fig. 10b, a re-
presentative example of the deconvolution method is presented, as no
differentiations greater than 5% were observed in the calculated acti-
vation energies. Microsoft Excel along with the Solver add-on feature
(Afouxenidis et al., 2012) was utilized for the deconvolution. Six peaks

12

were used in total and the evaluated energies for the most prominent of
them are (1 + 0.05) eV (at 120°C) and (1.2 = 0.05) eV (at 270 °C).

It is assumed that both methods conclude to similar results.
Additionally, Fig. 10b reveals -through the applied deconvolution-that
the glow-curve is complex, as it consists of more than one overlapping
TL peaks.

3.4. TL properties of the in-vivo aged samples

Preliminary experimental protocols were also applied in samples
collected from patients. Fig. 11 presents representative examples of the
TL measurements applied to the collected in-vivo aged samples. Nine
metal-ceramic restorations were collected and -according to the pa-
tients’ medical records-the samples were between 15 and 20 years old.

Five of the samples presented similar results and many similarities
to the previously examined in-vitro aged porcelain samples; in Fig. 11a,
a representative example of this group (vvl) is presented. The same
peaks, as in the case of in-vitro aged, were also recorded for these
samples; P1 is located at about (120 = 5) °C, and P2 at about
(260 * 10) °C (Fig. 11a). Furthermore, the experimental protocol
about the dose response revealed that the in-vivo aged samples pre-
sented the same behavior as the in-vitro aged samples. The results agree
to the conclusion that the in-vitro and in-vivo aged samples follow the
same patterns in case of the same protocols.

Additionally, two of the samples (vv2) presented a slightly altered
shape of their TL glow curve. As it is illustrated in Fig. 11b, in this case,
the collected TL glow curves also present a peak suitable for dosimetry,
at ~340°C.

Finally, it was impossible to apply the same experimental proce-
dures to the two remaining of the in-vivo aged samples, because of their
state of preservation. In this case, only flakes of the veneer material
remained intact on the metallic frameworks, making it impossible to
collect enough material for study.

As it is displayed in Fig. 12, both the in-vivo samples’ groups (namely
vvl and vv2) show linear dependence over the irradiation dose.
Moreover, the linear fittings over the dose response measurements
show that the slopes are equal to 0.95 * 0.05 for all the groups of
specimens under examination.

The main drawback of the porcelain is that it presents photo-
sensitivity. This will be the subject for future work, since it would insert
special treatment during the collection from the patients. Moreover,
that implies that the OSL properties should be also examined thor-
oughly.
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Fig. 10. Evaluation of the activation energies of the samples according to the initial rise method (a) and the deconvolution method of analysis using the GOK model
(b). Regarding the initial rise method, the mean values of the calculated energies are plotted vs temperature. The notated energies correspond to the mean value of
the activation energies calculated for all of the specimens under examination. In the case of the deconvolution method, the analysis of an unglazed specimen of group

A is illustrated, as representative, irradiated with a dose of 55 Gy.

4. Conclusions
4.1. Dosimetric properties

e The samples presented repeatability over the successive cycles of
irradiation-measurement. This fact implies that the applied proto-
cols are also applicable for single aliquot procedures.

e Linear response to the different doses was present for both in-vitro
and in-vivo aged samples.

e Through the first peak and the calculated decay time, the time
elapsed since the radiation event is possible to be estimated.

e The lower detectable limit (Dyp;) of irradiation was estimated at
0.2 Gy, for a sample of mass comparable to the mass of LiF, which is
one of the most widely used TLDs.

® Regarding the in-vivo examined samples, the results implied that
there is a wide range of materials which used to be applied for
dental restorations (different brands of porcelain with unknown
additives). The promising part is that all the samples present at least
one peak prominent for dosimetric applications.
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4.2. Contribution to the TL mechanism

e The first peak presented clearly tunneling recombination me-
chanism.

® The estimated band gap of only 3.5 eV ensured the absence of very
deep traps (VDT) which offers a possibility of testing models based
on strong competition from VDT.

4.3. Future work

Further work should involve a wider range of porcelain brands in
order to ensure the dosimetric properties of porcelain in general. This
aspect will empower the results of the in-vivo aged samples, since it is
difficult to collect information about the kind of used porcelain, espe-
cially for dental restorations older than 10 years. Moreover, the pre-
liminary measurements that imply the presence of photosensitivity will
be examined thoroughly.
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Fig. 11. Representative dose response glow curves of the two different groups of the in-vivo aged samples. The majority of the collected samples present the same
behavior with the in-vitro aged specimens (vv1) (a). Two of the in-vivo aged samples under examination showed a differentiation of the glow curves, with an
additional peak at ~340 °C (vv2) (b). The arrows indicate the raise of the TL signal after the irradiation with higher dose.
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are < 5%.
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