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ABSTRACT

Screen protectors for smartphone are investigated in attempts for emergency dosimetry as for example in case of malicious attacks with radioactive sources or
accidental overexposure. Electron Paramagnetic Resonance (EPR) measurements were carried out on six different types of screen protectors (SPs). The inter and intra
batch variability of the EPR signals characteristics (sensitivity, stability, signal shape) were studied. Contrary to touch screen (De Angelis et al., 2015; Juniewicz et al.,
2020), UVB exposure for SP is not a limiting confounding factor. All samples under irradiation exhibit same EPR signals. The nature of the radio-induced point defects
was identified (HC; and HCy) as well as their evolution according to dose. The linear dose response was studied in the 0-5 Gy dose range with a detection limit
estimated of 750 mGy with a field deployable benchtop EPR spectrometer. Large variability of the dose response prevents presently from using universal calibration

curve. Therefore, further work is needed to consider possible application for triage in the case of large-scale accidents scenarios.

1. Introduction

This work has been conducted to develop new capacity of dose
estimation for individuals in case of radiological exposure, with a special
motivation to fill the capacity gap for the so-called large-scale accident
scenario for which no actual method of retrospective dosimetry fits the
estimated needs. Nowadays, there is an emerging risk of malicious
radiological attacks or accidental use of radioactive materials which led
authorities to envision scenarios of large-scale radiological events with
external exposure leading to acute radiation syndrome (Alexander et al.,
2007; Coleman et al., 2015, 2019; Bailiff et al., 2016; ICRU, 2019).
There is an international consensus that, in such a case, the current
capacity of all retrospective dosimetry methods, mainly biological
dosimetry, used to sort the exposed population with a view to medical
treatment, would be largely exceeded (ICRU, 2019). It is therefore
necessary to increase capacity, either with established and validated
techniques, for example by developing networks of measurement labo-
ratories, as for example with RENEB network (Monteiro Gil et al., 2017),
or, as in the specific case of cytogenetics, new automated image analysis
methods based on artificial intelligence (ICRU, 2019). However, even by
improving certain aspects of proven techniques, some of the bottlenecks
inherent in these techniques will keep capacity well below what could be
required (Monteiro Gil et al., 2017). It is therefore necessary to consider
new approaches, in particular approaches that could also be deployable
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in the field as close as possible to the victims, at the point of care. The use
of electron paramagnetic resonance (EPR) spectroscopy is one of the
techniques being considered to develop new capabilities. This technique
has already been used to determine a person’s level of exposure using
biopsies of bone or tooth enamel, nail clippings or material from
clothing or personal objects (glasses, glass watches, LCD glass, sugars,
etc.) (Trompier et al., 2009; ICRU, 2019; Fattibene et al., 2023). For
example, the Q-band EPR approach, which minimizes the sample size
needed for analysis to 2-5 mg for enamel, minimizing the invasiveness
of samples and still enables detection doses as low as 200-400 mGy with
measurement times of approximately 5-10 min. This approach has been
successfully used for two radiological accidents (in Bulgaria in 2011 and
in Peru in 2012) (ICRU, 2019). Small mass biopsies of calcified tissue can
also be measured with a higher sensitivity in Q-band (34 GHz) than in
the conventional X-band (9.8 GHz) EPR (De et al., 2013; Romanyukha
et al., 2014). As there is no need for sample preparation, samples can be
measured as soon they are received. Considering that for triage mode, a
single EPR measurement of 5 min would sufficient, one can estimate the
daily initial capacity of about 100-150 samples per day and per spec-
trometer. Nevertheless, this capacity is not field deployable and only
available in very few laboratories making this approach far to meet the
capacity need for large scale event triage, even if overall larger than
biological dosimetry. Both approaches require collecting and trans-
porting biological samples in relatively large quantities, which requires
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a substantial and complex operational organization. The in vivo EPR
measurement of teeth because it can be deployed in the field, can be
considered complementary, even if the detectable dose levels still
remain for the moment about 1 Gy in the best case, while considering the
necessary presence of qualified personnel in number for the use of
spectrometers (Swarts et al., 2018). Overall, even considering all the
improvements and new methods, the overall capacity does not.

Nevertheless, one other alternative method based on EPR measure-
ment of touchscreen of smartphone, was initially studied and evaluated
within the EC funded Multibiodose project (Jaworska et al., 2014) and
could possibly meet these requirements. As a matter of fact,
alkali-aluminosilicate glass from touch screen of smartphone is one of
the materials that could possibly be used also for large scale accident
situations (Fattibene et al., 2014). Firstly, as almost all the population is
equipped with a smartphone, one can consider that all individuals
possibly involved in a large-scale accident would be supplied with a kind
of fortuitous and ubiquitous dosimeter, its own smartphone. Secondly,
smartphone touchscreen can be measured in situ by L-band EPR without
removing a piece of screen or dismantling the phone (Trompier, 2016).
Alternatively, small benchtop X-band spectrometers supplied with
auto-sampler to measure small, scratched pieces of glass (100 mg) could
already be foreseen to develop mobile laboratory units with sufficient
sensitivity of measurement. The main drawbacks of this approach are
that the glass used in smartphone touch screens are technological ma-
terials in permanent evolution and sampling operation even a small
piece of glass may damage the smartphone and required also additional
manpower and dedicated organization. A new brand of touch screen
glass is released in average almost every one-two years. The approach
has been evaluated with the first generations of tempered glass used in
touch screen, namely Gorilla® Glass generation 1 and 2 and has been
found suitable for dosimetry applications (Trompier et al., 2012; Fatti-
bene et al., 2014; Juniewicz et al., 2020). Nevertheless, new generations
with different composition present very different properties. That would
require to study and characterize every new generation released, with
the possibility that new generation does not response properly to dose.
On the other hand, less technological progress is observed for other
glasses such as those used for the screen protectors (SP) which is used to
protect touchscreen of the smartphone against scratches and
high-impact damage (added on top of the touchscreen). The composition
of this glass, simpler from a technological point of view, can be expected
to not evolve in time or depending on the suppliers. Moreover, the phone
is not damaged when collecting the sample and sample collection is far
easier and faster than for the touch screen. Even if not all phones are not
supplied with SP, some sources indicate, that about 72 % of smartphone
consumers use a screen protector in USA (“A Better Future for Screen
Protection”). In this study, we investigated different types of screen
protectors using EPR spectroscopy. One type of screen protector was
considered as representative of this type of glass (labelled screen pro-
tector 3 (SP3)) after having observed the nature of point defects created
for the six different types of screen protectors investigated through our
batch studies. Different experiments were carried out including effect of
dose, signal fading post-irradiation, reproducibility, variability and dose
response.

2. Materials and methods
2.1. Sample origins

Six different types of SPs were investigated labelled as SP1, SP2, SP3,
SP4, SP5 & SP6 from four different manufacturing companies. Their
details are shown in Table 1. An image of the investigated samples is also
shown in Supplementary Fig. 1. The screen protectors are described as
tempered glass with an index of hardness of 9H except for SP4 (Tiger
Glass) of 9H + hardness which is investigated thoroughly for our batch
study.

Radiation Measurements 176 (2024) 107218

Table 1
Details of the screen protectors investigated.

Screen protector ~ Company, Glass type, phone model Number of sheets

labelling corresponding to the screen protector investigated
under investigation

SP1 Tempered Glass for Samsung A20e 1

SP2 Bigben, Tempered Glass forlphone SE, 1
Iphone5C/55/5

SP3 Bigben, Tempered Glass forSamsung 1
Galaxy A13 4G/A23 5G

SP4 Tiger Glass, Anti-bacterial Tempered 8
Glass for Iphone 13 pro max

SP5 Bigben, Tempered Glass forHonor X7 1

SP6 Made for Xiaomi, Tempered Glass 1

forRedmi 9C, Redmi 10 A

2.2. Sample preparation

Each SP is bent until breaking and the glass pieces were extracted by
using forceps. Glass pieces were then cut into small pieces of about 1-5
mm in size to fit into the EPR measurement tubes. Samples were washed
with ethanol to remove any traces of glue. The overall glass pieces from
each SP were then mixed and split in aliquot of mass of 100-200 mg per
sample for each respective type.

2.3. Sample irradiation

Irradiations of samples with high energy X-rays were performed free
in air, under electronic equilibrium, using a medical linear accelerator
(LINAQC) supplied by Elekta with 10 MV X-rays. Reference dosimetry was
performed in terms of air kerma with an ionization chamber (0.125 cm®
PTW Semiflex Chamber Type 31010). Investigated doses were ranging
from 0 to 500 Gy.

UV irradiations were performed with an UV lamp (UVP lamp 3UV)
generating UV rays of 302 nm (UVB) with energy flux of 11.14 mW cm 2
at 7 cm from the lamp surface. The UV dosimetry was performed using a
UV dosimeter (Radiometer RM12 from Grobel company) calibrated at
the primary standard German laboratory (PTB).

2.4. Sample chemical analysis

SP3 glass was chemically analysed by using laser ablation induc-
tively coupled mass spectrometry (LA-ICP-MS) in IRAMAT (CNRS/Univ.
Orléans).

2.5. EPR measurements

For EPR measurements, a continuous wave X-band (~9.8 GHz)
Bruker E500 type spectrometer supplied with a high Q resonator (Bruker
SHQ) was used.

In addition, a X-band Brucker/Magnettech MS5000 benchtop was
used for dose response measurements of SP3 samples of around 220 mg
mass to evaluate the performance of a field deployable spectrometer.
Eight measurements were done per each dose with normalization to the
intensity of the internal marker placed in the resonator.

All data presented are normalized to sample mass. Baseline correc-
tions and background subtractions were performed using Origin® soft-
ware with the exact parameters mentioned for each figure.

For the EPR signals evolution with time section, each point corre-
sponds to an average of 3-5 measurements.

For the variability study section, each spectrum shown per each
screen protector type prior or post irradiation is in fact an average of 10
spectra.



M. Mobasher et al.

3. Results
3.1. EPR spectra

3.1.1. Radiation dose effect on EPR signals

First, we investigated the effect of dose on the paramagnetic point
defects shape of EPR spectra in a dose range between 0 Gy and 500 Gy
for SP3. Spectra were measured after almost 4 months following irra-
diation. To clearly observe the dose effect, the spectrum of background
signal (0 Gy) is subtracted from all doses as represented in Fig. 1 (A). In
Fig. 1 (B), normalized spectra are presented to visualize clearly the effect
of dose on the spectrum shape and to determine the nature of the point
defects created. A similar spectrum is observed for low doses range (5,
10 and 20 Gy presented as solid lines) in comparison to the high dose
range (50, 100 and 500 Gy presented as dashed lines) which display a
single spectrum shape for each dose range. In the low dose range, the
signal is quasi-isotropic with g values (g = 2.0086 and g = 2.00361). The
g values and the shape let us think that the EPR signals correspond to the
convolution of EPR signature of HC; and HC; point defects (Griscom,
1984; Zatsepin et al., 2012). HC; point defect is a hole connected to a
non-bridging oxygen in the presence of an alkali cation and HC; point
defect is a hole which is localized onto two non-bridging oxygen atoms
stabilized by the alkali cation nearby (Griscom, 1984; Zatsepin et al.,
2012). Their spectra are displayed in Fig. 1 (C) which are obtained from
(Zatsepin et al., 2012). The nature of these point defects is supported by
the presence of two alkali ions in the glass matrix Sodium (Na) and
Potassium (K). The average content of 11.6 wt % of Sodium oxide
(Nay0) and 5.5 wt % of Potassium oxide (K20) were determined from
the LA-ICP-MS chemical analysis performed (The composition of SP3 is
displayed in in the annex).

For the high dose range, a shape evolution is observed with the
progressive decrease of the g component at 2.00633 and a shift
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(indicated by the arrow in Fig. 1(B)) is noticed for the spectral shape
between the low dose range (solid lines) and the high dose range
(dashed lines). This evolution can be interpreted as a diminution of the
HCy/HC; ratio from 20 to 50 Gy and a progressive small increase from
50 to 500 Gy but this ratio remains lower than for the 5-20 Gy range
(Zatsepin et al., 2012). However, a precise quantification of HC; and
HC, would require a more precise fitting.
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3.1.2. Study of microwave power on EPR signals

Fig. 2 shows the variation of the peak-to-peak amplitude (App) of the
2 components identified for the 100 Gy irradiated SP3 sample as a
function of the square root of the microwave power. The inset in Fig. 2
displays the spectra obtained at the different powers investigated
following stabilization with the points taken for the App values (1-2
&1-3).

After fitting the App evolution for these 2 curves according to the
following equation:

o aP (Eq. 1)

b
(%)

The micro-wave saturation power and the extracted parameters are
presented in Table 2.

The App (1-2) signal is linked to HCy while App (1-3) signal is linked
to HC;. The respective saturation powers are determined to be 5.49 and
3.31 mW. Those values are in agreement with the micro-wave powers
used for measurements in (Griscom, 1984) and (Zatsepin et al., 2012)
which are less than 1 mW and 2 mW respectively.

According to (Griscom, 1984), HC; point defect saturates at lower
power compared to HCy and that agrees with our results.

3.1.3. EPR signals evolution with time

An important aspect for dosimetry concerns the EPR signal stability
of the samples which basically decreases with time due to point defect
fading. As shown in Fig. 3 (A), the evolution of the App maxima (1-3 as
stated in the inset of Fig. 2) of 100 Gy irradiated sample is plotted
against time (in days) after the irradiation. A second order exponential
decay function was used to fit the evolution of App with time. This in-
dicates the presence of at least two-point defects originating the signal
obtained at 100 Gy supporting our hypothesis of the presence of two
main defects (HC; and HCy). In Fig. 3(B), averaged spectra of 100 Gy
SP3 sample are plotted for measurements done on the day of irradiation
(dashed line) and a month post irradiation (solid line) in order to show
its evolution with respect to time. Following these results, we estimated
that 8 days duration post irradiation is needed for the EPR spectra sta-
bilization. Indeed, the signal decreases by almost 35% during this period
which agrees with Pukhkaya et al. (2013) showing a 40% loss of the
signal during the 1st week post irradiation in Na-alumino-silicate
glasses.

3.2. Variability study

3.2.1. Inter batch variability study

Initially, we observed the similarity between the EPR spectra ob-
tained for 5 out of the 6 types of screen protectors (SP2, SP3, SP4, SP5
and SP6) investigated prior to any irradiation (0 Gy) which are shown in
Supplementary Fig. 2. To minimize the effect of the background signal,
we irradiated the 6 screen protectors at a high dose of 200 Gy for the
sake of comparison between them. The EPR spectra are shown in Fig. 4
(A). The shape of all SPs is quite similar to SP3 high dose range presented
in Fig. 1(A) except SP2. We can therefore deduce that HC; and HC;, point
defects (Griscom, 1984; Zatsepin et al., 2012) are created in all 6 types.
However, the shape of SP2 infers a lower HCy/HC; ratio than the others,
may be due to different alkali ions content. After obtaining a mean value
for the amplitude peak to peak of the maxima for all these spectra, we

Table 2
Fitting parameters for the App of SP3 irradiated at 100 Gy with respect to power
evolution.

SP3 dose/App Micro-Wave Saturation Power Pg,; (mW) a b
100 Gy/App (1-3) 3.31 2.86 0.23
100 Gy/App (1-2) 5.49 1.98 0.20
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plotted the relative difference to this mean to visualize the difference in
percentage as seen in Fig. 4 (B) for the 6 types. The resulting relative
standard deviation (RSD) was determined to be 34% indicating a large
variation between the amplitude peak to peak values of the 6 types of
SPs. Nevertheless, we chose SP3 to be a representative for our detailed
analysis since the same nature of point defects is observed for all of them
and its difference to the mean of the 6 types is one of the lowest (13%).

3.2.2. Intra batch variability study (0 Gy & 100 Gy)

Additionally, we studied the variability between different samples
coming from the same batch of screen protector, both for background
and post irradiation signals. In addition, we collected samples from the
edges and the center part of each sample to compare the effect of
location of the sample on the resulting background signal obtained. We
tested 8 samples of screen protector 4 (SP4) as seen in Supplementary
Fig. 3. They are referred to as SP4_1, SP4 2, SP43 .... and SP4.8
respectively. The EPR spectra of the center and the edges of each 0 Gy
sample are displayed in Fig. 5 (A, B) respectively and of the 100 Gy
samples in Fig. 5 (C). Based on these results, we can deduce that there is
no effect on the spectral shape and intensity independent of the sample
location in the glass sheet. This is further confirmed after calculating the
relative difference (%) from the mean App value per each group (center
0 Gy, edge 0 Gy and 100 Gy samples) as a percentage which is shown in
Fig. 6. The relative standard deviation (RSD) is calculated for the 3
groups and there is a decrease in the post irradiation value due to the
presence of a more intense signal.

3.3. Dose response

3.3.1. X-ray dose response (0-5 Gy)

The investigated doses are: 0, 1, 2, 3 and 5 Gy with the SP3 repre-
sentative sample measured with a field deployable benchtop spec-
trometer. The dose response curve is shown in Fig. 7, it was obtained
following stabilization of the radio-induced signals. The dose response is
found to be linear in the dose range investigated. The detection limit
(DL) and the critical dose (CD) were respectively found to be 755 and
392 mGy with the method of calculation used in (Fattibene et al., 2014).

3.3.2. UV effect and duration response

One of the confounding factors investigated for glass samples pre-
viously studied (De Angelis et al., 2015; Juniewicz et al., 2020) is UV
effect. As a matter of fact, sometimes the UV induced signal overlaps
with the radio-induced signal altering the dose estimation. Fig. 8 shows
the difference between the UV irradiated SP3 sample for 3 h (solid line)
in comparison to that of the background (0 Gy presented as dashed line).
As a result, we observed that the signal generated by UV peaking at g =
1.9743 and g = 1.9317 is different from the radio-induced signal
(around g = 2) (as observed in Fig. 1). The UV induced signal does not
correspond to a point defect and could correspond to Zr®" ions (g =
1.93) evidencing a possible reduction of Zr** ions under UV (Gacetal.,
2017; Griscom and Ginther, 1989). This interpretation is supported by
the chemical analysis showing the presence of Zr in SP3 glass (Zirconium
oxide (ZrO-) content is 0.694 wt %).

In Fig. 9, the amplitude of the UV signal of these averaged mea-
surements (8 measurements) is shown as a function of the specified
duration (0.5, 1, 2, 3 and 4 h). Starting from 2 h of irradiation a satu-
ration of the UV signal is observed. An allometric growth function is
used to fit the App of UV signal as a function of duration of UV exposure.

4. Discussions

A lot of research is carried out on different materials in attempts to
determine the dose received by the victims in case of radiological ac-
cidents. Those can be biological materials or materials (Marciniak et al.,
2022) carried by the victim like plastics (Trompier et al., 2010), touch
screens (Trompier et al., 2011; Sholom and McKeever, 2017; Juniewicz
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etal., 2019) laboratory or window glass (Teixeira et al., 2005; Gancheva
et al., 2006), or lens of eyeglasses (Tuner, 2023). In this study, we pre-
sented according to our knowledge, the first EPR results on dosimetry
characterization of screen protectors. We show good results for the dose
response curve for one sample (SP3) obtained by X-band EPR benchtop
with a DL estimated at 750 mGy which could be used on site of the
accident improving the dose limit compared to what has been previously
reported for different types of glass with 2 Gy DL (Trompier et al., 2009;
Sholom and McKeever, 2017; Sholom et al., 2019).

Our results are in line with the DL and CD calculated from calibration
curves of participants to an intercomparison on Gorilla® Glass genera-
tion 2 (Fattibene et al., 2014). In this work, for homogenised glass
samples, DL and CD were respectively ranging between 740 and 790
mGy, and 370 and 400 mGy. It is worth noting that these results were
obtained with large EPR X-band spectrometer only available at the
laboratory. For heterogeneous samples, DL were found to be ranging
from 2.9 Gy up to 11 Gy (Fattibene et al., 2014). This latter finding
underlines the importance of dose response variability among samples of
glass even from the same type and its impact on DL. Although, we
observe the same nature of point defects created for the six irradiated SP
samples at 200 Gy, the large variability between the resulting App
makes it difficult to build a universal calibration curve for dose esti-
mation. Nevertheless, very small variation is noted for the batch study

done on SP4 whether for its background signal or post irradiation which
shows the robust possibility of using screen protectors as dosimetric
estimation for small scale accidents if the type of SP is known. A cali-
bration curve established with samples from different SP will probably
be associated with larger DL and CD than we report here. Our DL and CD
estimation must be considered as a best-case performance for a benchtop
spectrometer. Nevertheless, it demonstrates that field deployable
benchtop spectrometer is a promising approach that needs to be
considered. In addition to the field deployability approach, it is worth
noting that auto-sampler can be inserted on that type of device that
would minimize the manpower needed to manage EPR measurements.

In support of previous studies done on the fading of radio-induced
signal from glass of mobile phones by more than 30% during the first
6-8 days post irradiation (Bassinet et al., 2010; Trompier et al., 2011;
Juniewicz et al., 2019; Mckeever et al., 2019; Marciniak et al., 2022),
the same duration is observed for SP3 with 35% decay of the original
signal after 8 days. This duration gives us the time delay in which the
measurement for dose estimation has to be performed to minimize
variation when dose response curves are established or when samples
with unknown dose and without information on time of irradiation have
to be analysed. If results have to be provided in short delay, a procedure
of heating the sample could be set-up to obtain quickly a signal stabi-
lization. Also, if the time of irradiation is not known, multiple
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Fig. 7. Linear dose response for SP3 between 0 and 5 Gy. Spectra are obtained
each group.

at 1.995 mW with 0.7 mT modulation amplitude.
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measurement at different times could possibly provide an indication on

Annex

Table 1
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irradiation time. This information in the context -for example, of an
insidious exposure scenario-could be of interest for the medical team in
charge of individuals who had been severely exposed.

In addition, contrarily to Gorilla® glass 2 for example (De Angelis
et al., 2015), there is no overlap between the signal induced by UV and
the radio-induced signal by X-ray irradiation unlike many other publi-
cations regarding glass where UV had an influence on the radio-induced
signal (De Angelis et al., 2015; Juniewicz et al., 2020).

4.1. Conclusions and future prospectives

In this study, we performed different experiments to study the pos-
sibility of usage of screen protector glasses (SP) for dosimetric in-
vestigations. Among the results, we attribute the EPR signal to HC; and
HC; point defects and the ratio of HCo/HC; depends on the dose. The
batch investigations between 6 different types of SPs showed the vari-
ability between them. On the other hand, we concluded that -for one
type of SP- there is no effect on the location of samples’ collection prior
or post irradiation. UV induced a new signal attributed to Zr®* ions that
does not overlap with the radio-induced signal around g = 2. Consid-
ering the variability on dose response, we concluded that a universal
calibration is not a suitable approach and further work is needed to
consider possible application for large-scale accidents and triage.
However, SP3 showed a linear dose response curve for the range of less
than 5 Gy which could be likely used for small scale accidents with a DL
estimated around 750 mGy.
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Chemical composition results by LA-ICP-MS for SP3.

Oxide

weight (%)

Silicon dioxide (SiO2)
Aluminium oxide (Al,03)
Sodium oxide (Na0)
Potassium oxide (K20)
Zirconium (IV) oxide (ZrO,)
Magnesium oxide (MgO)

61.30
14.43
11.67
5.51
0.694
6.15
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.radmeas.2024.107218.
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