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a b s t r a c t

Investigations of retrospective dosimetry have shown that components of mobile phones are suitable as
emergency dosimeters in case of radiological incidents. For physical dosimetry, components can be read
out using optically stimulated luminescence (OSL), thermoluminescence (TL) and phototransferred
thermoluminescence (PTTL) methods to determine the absorbed dose. This paper deals with a feasibility
study of display glass from modern mobile phones that are measured by thermally assisted (Ta) optically
stimulated luminescence. Violet (VSL, 405 nm) and infrared (IRSL, 850 nm) LEDs were used for optical
stimulation and two protocols (Ta-VSL and Ta-IRSL) were tested. The aim was to systematically inves-
tigate the luminescence properties, compare the results to blue stimulated Ta-BSL protocol (458 nm) and
to develop a robust measurement protocol for the usage as an emergency dosimeter after an incident
with ionizing radiation.

First, the native signals were measured to calculate the zero dose signal. Next, the reproducibility and
dose response of the luminescence signals were analyzed. Finally, the signal stability was tested after the
storage of irradiated samples at room temperature. In general, the developed Ta-IRSL and Ta-VSL pro-
tocols indicate usability, however, further research is needed to test the potential of a new protocol for
physical retrospective dosimetry.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The possibility of accidental exposure of civilians and radiation
workers is generally increasedby theuse of ionizing radiation sources
in the field ofmedicine, industry and research. Beyond that, attention
is given to intentional exposure due to a radiological attack with a
possible high number of exposed people. In such an event, the dosi-
metric triage using methods of physical and biological retrospective
dosimetry is extremely important to identify the people with high
exposures and to distinguish them from the lower and non-exposed.
Most of the methods of retrospective dosimetry are based on the
measurement of the radiation damage induced in tissues, mainly
blood cells but also teeth and nails [1,2] or in personal items worn by
the individual [3e5]. The possibility to use personal objects as indi-
vidual dosimeters has been successfully investigated, i.e. such as chip
cards and electronic devices, in particular, electronic components
mounted on a circuit board, like resistors, inductors or resonators
cher).

by Elsevier Korea LLC. This is an
[6e17]. Various studies were carried out on glass extracted from
display screens ofmobile phones using thermoluminescence (TL) and
phototransferred thermoluminescence (PTTL) methods to determine
the absorbed dose. The dosimetric properties were investigated for
display glasses [18e25], touchscreen glasses [26e28] and protective
glasses of modern mobile phones [29,30]. A good signal reproduc-
ibility and a linear dose response were observed. Additionally, the
photon energy dependence and angular response were experimen-
tally investigated for different display glasses used in mobile phones
[19,20] and experimental results were validated using radiation
transport simulations [31]. The studies showed that a native signal,
so-called zero dose signal, is observed for unexposed glass samples
which significantly limits the low-dose sensitivity. This zero dose
signal could be reduced by employing a labor-intensive sample
preparation procedure [23]. In contrast to the PTTL signal of glasses,
the TL signal of glasses is not stable over time and a fading correction
has to be applied for an accurate dose reconstruction.

In this study, we further investigated the approach using the
novel thermally assisted OSL (Ta-OSL) protocol for dose assessment
of display glasses, which was introduced by Kim et al. [32], in order
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to achieve a reduced fading rate as well as lower intrinsic zero dose
signal. One of the important protocol parameters of the previously
mentioned Ta-OSL study is the choice of the stimulation wave-
length. This paper deals with the dosimetric properties of display
glass using thermally assisted OSL protocols using violet (Ta-VSL)
and infra-red (Ta-IRSL) LEDs instead of blue (Ta-BSL) LEDs as
stimulation wavelengths. The aim of the study is to extend the
research and to provide a systematic investigation of dosimetric
properties in order to develop a robust measurement protocol.

2. Materials and methods

In this study representative glass samples of a modern mobile
phone (Samsung Galaxy S3) with an AMOLED (active-matrix organic
light-emittingdiode)display technologywereused.Theglassaliquots
indicate the typical broad TL glow curve of lime-aluminosilicate
glasses and belong to glass category A, according to the display glass
classification given in Discher and Woda [24]. Following the sample
preparation given in Discher et al. [23] the glass aliquots were etched
for 4 min by concentrated hydrofluoric acid (HF; 48%) to remove the
thin AMOLED layer, subsequently the pure substrate glass was
cleaned with ethanol and cut into pieces of approx. 5� 5 mm2, suit-
able forfitting into the stainless steel cupsof the luminescence reader.

An automated reader Lexsyg Research made by Freiberg In-
struments [33] was used to carry out the luminescence measure-
ments. A built-in Sr-90/Y-90 beta source (norm. activity of 1.51 MBq)
was used, delivering an absorbed dose rate in SiO2 ofz0.058 Gy/s for
laboratory irradiations and calibrated against a secondary standard
Cs-137 gamma source. The reader is equipped with an optical
stimulation module containing three stimulation wavelengths: vio-
let LEDs (405 ± 3 nm), blue LEDs (458 ± 5 nm) and IR LEDs
(850 ± 20 nm). Optical powers of 80 mW/cm2 (violet), 100 mW/cm2

(blue) and 200 mW/cm2 (IR) at the sample position are available for
optical stimulation. The luminescence signals are detected with a
bialkali cathode photomultiplier tube Hamamatsu H7360-02. To
block scattered stimulation light during optical stimulation and
thermal background signals during heating, a combination of glass
filters (Schott BG39, Schott BG 25, Schott KG3) is available for the
Fig. 1. aef: Ta-IRSL and Ta-VSL measurements of the zero dose signal and th
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IRSL measurements to get a broad detection window (wideband
blue) with a center wavelength of 400 nm including a full width at
halfmaximum (FWHM) of approx.100 nm. For the violet stimulation
a combination of a glass and interference filter is used (Schott KG3,
AHF-BrightLine HC340/26 interference) with a detection window of
340 nm (center wavelength) and a FWHM of approx. 30 nm.

All luminescence measurements at elevated temperatures were
performed in a N2 atmosphere. The heating rate was set to 5 �C/s to
reach the readout temperature (i.e. 100, 200 or 300 �C) and a hold
time of 10 s was always included for temperature stabilization. The
duration of the optical stimulation was fixed to 500 s. After each
optically stimulated luminescence readout the sample was quickly
annealed to 450 �Cwith a heating rate of 10 �C/s and hold for 10 s to
delete residual luminescence signals. Only one glass aliquot was
used for each protocol and test to investigate the dosimetric
properties (i.e. dose response, signal stability and optical stability
tests) due to the high reproducibility behavior. For the analysis,
generally, the recorded signals were integrated between 0 and 50 s
and an early background correction (50e100 s) were applied by
simply subtracting both integration intervals.

3. Results and discussions

3.1. Zero dose signal

In this study the readout temperatures of the Ta-VSL and Ta-IRSL
protocols were varied between 100 and 300 �C to investigate the
effect on the intrinsic zero dose signal of unirradiated (unused) glass
aliquots, which are needed because the zero dose signals are deleted
after the first TL readout. It is assumed that the intrinsic signals are
similar because the glass aliquots were extracted from the same
mobile phone andwere located adjacent to each other on the display
[18]. First, the zero dose signal was recorded, then the aliquots were
exposed to 1 Gy and the same readout protocol was applied again.

The zero dose and the radiation-induced signals (ca. 1 Gy) are
shown in Fig. 1 a-f for the different stimulation wavelengths and
readout temperatures.

The net signals of the decay curves indicate a strong signal
e radiation induced signal after 1 Gy irradiation of a fresh glass sample.



Table 1
Calculated zero dose for the used protocol at different readout temperatures.

Protocol Readout temperature

100 �C 200 �C 300 �C

Ta-IRSL 0.007 Gy 0.046 Gy 0.164 Gy
Ta-VSL 0.011 Gy 0.136 Gy e
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sensitivity for the Ta-VSL protocol. The intrinsic zero dose signal is
transformed to a zero dose using the 1 Gy signal as a calibration
dose and the corresponding integration intervals. The results are
given in Table 1 for the Ta-IRSL and Ta-VSL measurements.

Generally, the zero doses are relatively low for both protocols
and increase with increasing readout temperatures, which was also
found for the Ta-BSL measurements in Kim et al. [32]. This result
strengthens the hypothesis that the traps responsible for the native
Fig. 2. aeb: Normalized decay curves of the Ta-IRSL (a) and Ta-VSL (b) mea

Fig. 3. aec: Ta-OSL curves of the same sample for different stimulation modes and readout
power was fixed at 80 mW/cm2 for a better comparison.
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signals of display glasses have a lower thermo-optical cross-section
than those of radiation induced signals.

For the Ta-VSL@300�C protocol, the zero dose is not calculated
because of the unexpected build up shape of the decay curve and
the lacking dosimetric properties, which are discussed further
below. The phenomenon of the signal build upmay be explained by
a simultaneous thermal and optical transfer of trapped charges
originated from the intrinsic zero dose signal and/or the accumu-
lation of charges in deep traps occurs due to the violet stimulation,
which are released in the course of time during the Ta-VSL mea-
surement at high temperature. Further studies are necessary to
investigate this phenomenon.
3.1.1. Detailed discussion of the decay curves
The decay curves acquired after the 1 Gy irradiation were

normalized to the first channel and displayed in Fig. 2 a and b. The
surements after 1 Gy irradiation using different readout temperatures.

temperatures. The beta dose was always 1 Gy before the measurement and the optical
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normalizationwas necessary because different glass aliquots were
used. For the Ta-IRSL decay curves (Fig. 2 a) the shape is very
similar and independent of the readout temperature. On the other
hand, the Ta-VSL decay curves (Fig. 2 b) indicate a quick decay for
100 and 200 �C readout temperatures. A baseline shift is observed
which is increased for higher readout temperatures. This baseline
shift can be explained by a flat natural Ta-OSL (NTA-OSL)
component, which is considered as the slow decaying component
assisted by an activation process with an activation energy up to
1 eV [34,35] and which was also observed for the Ta-BSL with blue
stimulation [32].
al
iz
ed

d
ec
ay

fu
n
ct
io
n
s.

t1
t1

A
2

A
2

t2
t2

A
3

A
3

t3
t3

r
V
al
u
e

St
an

d
ar
d
Er
ro
r

V
al
ue

St
an

d
ar
d
Er
ro
r

V
al
u
e

St
an

d
ar
d
Er
ro
r

V
al
u
e

St
an

d
ar
d
Er
ro
r

V
al
u
e

St
an

d
ar
d
Er

3.
51

0.
02

0.
84

5
0.
00

2
0.
44

0.
00

0.
04

9
3.
26

E-
04

39
.5
4

0.
28

7.
13

0.
06

0.
63

1
0.
00

2
0.
92

0.
01

0.
07

6
7.
74

E-
04

53
.5
8

0.
51

12
.3
0

1.
48

0.
09

1
0.
01

0
1.
74

0.
35

0.
01

8
3.
43

E-
03

90
.4
3

19
.0
1

5.
54

0.
15

0.
40

4
0.
01

2
20

.8
1

0.
71

0.
14

0
4.
49

E-
03

11
0.
12

3.
23

5.
16

0.
11

0.
40

0
0.
00

7
20

.6
7

0.
50

0.
11

8
3.
43

E-
03

10
5.
83

2.
71

4.
69

0.
15

0.
45

2
0.
01

0
19

.6
1

0.
59

0.
12

5
5.
14

E-
03

96
.7
1

3.
26

2.
29

0.
02

0.
84

3
0.
00

2
0.
33

0.
00

0.
04

9
4.
02

E-
04

24
.2
0

0.
20

0.
83

0.
02

0.
12

4
0.
00

2
6.
57

0.
16

0.
01

8
5.
90

E-
04

72
.7
9

2.
81

1.
65

0.
16

0.
02

1
0.
00

2
7.
97

0.
75

0.
00

9
1.
89

E-
04

14
0.
81

6.
67
3.2. Comparison and deconvolution of the decay curves

For the direct comparison of the Ta-IRSL and Ta-VSL mea-
surements it is useful to deconvolute the decay curves and to
calculate the decay parameters. For this purpose, only one glass
sample was selected, the given dose was always 1 Gy and the
stimulation power of 80 mW/cm2 was fixed, which is the
maximum optical power for violet stimulation. Additionally, Ta-
BSL measurements using the blue wavelength were recorded for
further comparison.

The decay curves of the Ta-OSL protocols with different stim-
ulation LEDs are displayed in Fig. 3. The Ta-BSL protocol indicates a
systematic decrease of the signal intensity and a systematic in-
crease of the offset with increasing readout temperatures. Such
obvious trends are not observed for the Ta-IRSL protocol. Ta-VSL
protocol implies a distinct increase of the offset with increasing
readout temperatures.

In Fig. 4 the decay curves of the different protocols are dis-
played together which are normalized to the first channel. The
shape of the decay curves can be deeply investigated and are de-
convoluted by three simple exponential decay functions
(y ¼ A1*exp(-x/t1) þ A2*exp(-x/t2) þ A3*exp(-x/t3) þ y0). The
parameters, standard errors and statistic results are summarized
in Table 2. The offset relatively to the first channel was determined
by the y0 parameter.

The signal offsets are negligible for the Ta-IRSL protocols and
the maximum shift is observed for the Ta-VSL@300�C protocol.
Based on the measurements, NTA-OSL signals are increased with
the temperature and energy of stimulation photons. The observed
offsets could be explained by the already mentioned NTA-OSL
component and by a simultaneous thermal and optical transfer
of trapped charges, which is reinforced for higher readout
temperatures.
Fig. 4. Comparison of the normalized Ta-OSL decay curves. Ta
b
le

2
C
al
cu

la
te
d
p
ar
am

et
er
s
of

th
e
d
ec
on

vo
lu
ti
on

an
al
ys
is

of
th
e
n
or
m

y0
y0

A
1

A
1

V
al
u
e

St
an

d
ar
d
Er
ro
r

V
al
u
e

St
an

d
ar
d
Er
ro

Ta
-B
SL

@
10

0�
C

0.
00

3
2.
55

E-
05

0.
25

8
0.
00

1
Ta

-B
SL

@
20

0�
C

0.
03

1
5.
36

E-
05

0.
30

4
0.
00

2
Ta

-B
SL

@
30

0�
C

0.
82

5
4.
10

E-
04

0.
09

6
0.
00

8
Ta

-I
R
SL

@
10

0�
C

0.
02

7
4.
15

E-
04

0.
48

3
0.
01

4
Ta

-I
R
SL

@
20

0�
C

0.
01

9
2.
87

E-
04

0.
44

9
0.
00

9
Ta

-I
R
SL

@
30

0�
C

0.
02

5
3.
56

E-
04

0.
42

0
0.
01

2
Ta

-V
SL

@
10

0�
C

0.
02

4
2.
13

E-
05

0.
30

3
0.
00

2
Ta

-V
SL

@
20

0�
C

0.
59

1
7.
93

E-
05

0.
28

0
0.
00

3
Ta

-V
SL

@
30

0�
C

0.
94

5
9.
39

E-
05

0.
03

5
0.
00

2

432



M. Discher, H. Kim and J. Lee Nuclear Engineering and Technology 54 (2022) 429e436
3.3. Reproducibility tests

Seven cycles of irradiation (1 Gy) and readouts were repeated
using the different protocols to test the reproducibility for annealed
glass aliquots. The integrated signals are normalized to the mean
value of the seven cycles.

The reproducibility for the Ta-IRSL protocol, shown in Fig. 5 a, is
in the range between 0.97 and 1.03 for the investigated readout
temperatures (100, 200 and 300 �C). For the Ta-VSL protocol (Fig. 5
b) the reproducibility ranges between 0.93 and 1.06 for readout
temperatures 100 and 200 �C, however, the Ta-VSL@300�C protocol
indicates a systematical sensitivity change. There is a general
Fig. 5. aeb: Reproducibilty for the Ta-IRSL and Ta-VSL protocols at different readout temp
repeated measurement and readout cycles.

Fig. 6. aeb: Decay curves of the Ta-IRSL (a) and Ta-V

Fig. 7. aeb: Dose response of the Ta-
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tendency that the sensitivity decreases with increasing readout
cycles (except for Ta-VSL@300�C protocol).
3.4. Dose response tests

The glass aliquots were exposed to beta doses between 0.12 and
7.4 Gy to obtain the dose response curves of the different protocols.
In Fig. 6 a-b the decay curves after different beta irradiations for two
selected protocols are shown.

A strong linear correlation (R2 > 0.99932) is observed for the Ta-
IRSL protocol for all three readout temperatures within the inves-
tigated dose range in Fig. 7 a. Similar results are received for the Ta-
eratures using a 1 Gy test dose. The values are normlized to the mean of the seven

SL (b) protocol after different beta irradiations.

IRSL (a) and Ta-VSL (b) protocol.



Table 3
Ratio of the remained Ta-OSL signal after one week of storage of the glass aliquots.

Residual signal after 7.2 days of storage (signal fading factor)

Ta-IRSL@100�C 0.08
Ta-IRSL@200�C 0.48
Ta-IRSL@300�C 0.67
Ta-VSL@100�C 0.60
Ta-VSL@200�C 0.78
Ta-VSL@300�C 0.95
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VSL@100�C and Ta-VSL@200�C protocol in Fig. 7 b. However, the Ta-
VSL@300�C protocol does not indicate a signal increase with dose
and fails to observe a linear response.

The maximum beta exposure for the Ta-VSL protocol at 100 and
200 �C was ca. 2 Gy due to the strong signal sensitivity of the
protocol. Beta irradiations above 2 Gy caused overexposures of the
PMT of the reader.

3.5. Signal stability test

One glass aliquot was used for testing the signal stability for
each Ta-IRSL and Ta-VSL protocol according to the readout tem-
peratures. After an irradiation (ca. 1 Gy) the aliquots were stored in
the dark at ambient temperatures. After a storage time of about one
week (7.2 days) the faded signals were recorded and after a second
irradiationwith the same dose the prompt signal was recorded. The
faded signals were normalized to the second measurement carried
out promptly after the irradiation step (time lag lies within a few
seconds). The decay curves are displayed in Fig. 8. Using the usual
integration interval the remained signals were calculated and the
results of the signal stability tests are shown in Table 3.

The stability tests indicate that the signal stability is correlated
to the readout temperatures. For the Ta-IRSL and Ta-VSL protocol
the signal is more stable at higher readout temperatures. The
highest signal loss is observed for the Ta-IRSL@100�C protocol (ca.
92% compared to the prompt readout). The Ta-VSL protocols prove a
more stable signal and remained signals are calculated between
0.60 and 0.95. More investigations of different glass aliquots of
various mobile phones are necessary to test the variability of the
signal stability.

3.6. Optical stability test

For testing the optical stability one glass aliquot was used for
each Ta-IRSL and Ta-VSL protocol with different readout tempera-
tures. Additionally the pre-bleached TL protocol [24] was included
for a comparison. After an irradiation (ca. 1 Gy) the aliquots were
Fig. 8. aef: Decay curves of the Ta-IRSL and Ta-VSL si
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bleached for 500 s with the blue LEDs of the reader with the
maximum optical power of 100 mW/cm2 at ambient temperatures.
The bleached signals were recorded using the given protocols and
after another irradiationwith the same dose, the unbleached signal
after a 500 s pause was recorded. The bleached signals are
normalized to the second measurement carried out with the same
time delay between end of irradiation and start of measurement to
correct the impact of signal fading. The decay curves are displayed
in Fig. 9.

Using the usual integration interval the residual signals were
calculated and the results of the optical stability tests are shown in
Table 4.

4. Conclusions and outlook

The dosimetric properties, such as the intrinsic zero dose signals
and the radiation induced signals of the Ta-IRSL and Ta-VSL pro-
tocol at different readout temperatures were systematically
investigated. Zero doses, which range between 0.007 Gy (Ta-
IRSL@100�C) and 0.136 Gy (Ta-VSL@200�C), are relatively low for
both protocols and increase with increasing readout temperatures,
which was also found in the Ta-BSL measurements in Kim et al.
[32]. Further research is necessary using more glass samples in
order to quantify the spread on the zero doses and estimating the
detection limit. The deconvolution of the decay curves indicates a
systematic decrease of the signal intensity and systematic increase
gnals after 7.2 days storage and prompt readout.



Fig. 9. aef: Decay curves of the Ta-IRSL and Ta-VSL signals after 500 s bleaching of the blue LEDs (100 mW/cm2 optical power) and readout without bleaching but 500 s pause.

Table 4
Ratio of the remained signals after 500 s bleaching of the blue LEDs of the reader
with the maximum power of 100 mW/cm2.

Residual signal after blue bleaching

Ta-IRSL@100�C 0.05
Ta-IRSL@200�C 0.28
Ta-IRSL@300�C 0.85
Ta-VSL@100�C 0.15
Ta-VSL@200�C 0.56
Ta-VSL@300�C 0.75
500 s blue pre-bleaching TL 0.78
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of an offset with increasing readout temperatures for the Ta-BSL
and Ta-VSL protocols, which are not observed for the Ta-IRSL pro-
tocol. Reproducibilities are in the range between 0.97 and 1.03 (Ta-
IRSL, all three readout temperatures) and 0.93 and 1.06 (Ta-VSL,100
and 200 �C readout temperatures). All protocols indicate a linear
dose response with a strong correlation, except for the Ta-
VSL@300�C protocol. The signal stability test shows that the signal
stability (samples stored in the dark at ambient temperatures) is
correlated to the readout temperatures, and the remained signals
after 7 days range between 0.08 (Ta-IRSL@100�C) and 0.95 (Ta-
VSL@300�C). The optical stability test indicates that the signal
bleaching is correlated to the readout temperatures, and the
remained signals after blue LEDs bleaching with 100 mW/cm2

optical power range between 0.05 (Ta-IRSL@100�C) and 0.75 (Ta-
VSL@300�C). In general, the dosimetric properties, such as the
reproducibility and linear dose response are fulfilled for most
protocols, however, there are pro and cons of the presented Ta-OSL
protocols, which have to be verified using realistic irradiation tests
for dose recovery in the future investigations.
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