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Abstract

:

Cars of a variety of brands are usually parked at a fixed but increasing distance in the periphery of nuclear installations. Herein we focus on the potential use of car windscreens for post-accident dose reconstruction from unplanned nuclear events and natural disasters, also in regard to unexpected events arising during large-scale use of radioactive and nuclear materials. The situation requires identification of analytical techniques that could both readily and reliably be used to assess absorbed dose, sufficient to prompt remedial action where necessary. Samples from three widely used car brands—Honda, Toyota and Proton—are studied in respect of their thermoluminescence (TL) yield. Key TL dosimetric features in the gamma-ray dose range of 1–100 Gy are examined. An ERESCO model 200 MF4-RW X-ray machine has also been used for energy response studies; a Harshaw 3500 TLD reader equipped with WinREMS software was used for the luminescence measurements. All brands exhibit linearity of TL yield versus dose, the samples from Honda showing the greatest response followed by that of the Toyota and Proton brands. The marked energy dependence reflects the effect of the strongly Z-dependent photoelectric effect. Signal fading was investigated over a period of 28 days, the Toyota and Proton brand windshield glass showing a relatively low loss at 52.1% and 52.6% respectively compared to a 56.7% loss for that of the Honda samples. This work forms the first such demonstration of the potential of car windshield glass as a retrospective accident dosimeter.
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1. Introduction


Retrospective dosimetry via simulations and measurements form the basis of dose reconstruction studies that are aimed at assessing the dose received by individuals. Focusing on the need to deal with accidental exposure situations, the lack of formal dosimeters represents a serious challenge in obtaining reliable estimates of individual dose. The problems can become that much more difficult when they concern mass exposure events, as in for instance nuclear accidents on the scale of Fukushima and Chernobyl. In terms of numbers alone, concerns naturally turn towards non-monitored individuals (non-radiation workers and members of the public) some of whom may need immediate medical attention, including as radiological casualties. In such situations, well-informed triage is required, including the need for dosimetric information derived from convenient media that are commonly available within the immediate environs of an accident, simple dose readout also being available. The potential materials should have serviceable sensitivity to ionizing radiation, be minimally hygroscopic and have the ability to retain dose-dependent data for a convenient period of time post-exposure.



In responding to such challenges, the thermoluminescence (TL) technique is one of the more commonly cited choices. In particular, it offers a potential for versatile functionality, including energy absorption linked to time-integrated dose stored over a reasonably long period of time, needing to be sufficient to allow for delays in reconstruction of radiation exposure. This passive form of dosimetry offers freedom from a number of complexities, not least being very much less expensive than most if not all active and/or radioluminescence systems. In addition, the TL method requires simple sample preparation and use of well-established measurement protocols that are much less demanding compared to other alternative techniques [1,2]. Note that TL systems can possess superior signal to that of optically stimulated luminescence (OSL) and electron paramagnetic resonance (EPR), with a potential for measuring a broader spectrum of light emission, also suffering much less fading, especially in situations in which the TL analysis concerns elevated temperature glow peaks signals.



In regard to translucent amorphous media, commercially available glass included, TL is interpretable on the basis of elementary energy band theory. In this, charge carriers (electron and holes) are trapped in allowed states within the forbidden gap, directly linked to for instance impurity defects and strain-related network imperfections [3]. Such trapping and luminescence centres are largely responsible for the TL emission phenomenon, heating subsequent to exposure allowing free migration of the electrons and holes in the lattice, sometimes re-trapping but otherwise recombining, the consequence of which is photon emission [4]. In a good thermal conductor luminescence emission intensity can be prompt, temperature-dependence leading to the exhibition of one or more thermoluminescence peaks. Specifically, whenever unoccupied traps continue to exist and atomic displacements are not generated, the emitted light intensity can be expected to be proportional to the radiation flux (absorbed dose) of the material.



Developments towards retrospective TL dosimetric assessment and the availability of convenient materials have attracted the attention of researchers worldwide. Potential media include porcelain [5,6], bricks [7], mobile phone screens [8,9,10], and various other types of glass [1,11,12,13,14,15], all investigated owing to a number of favorable radiation dosimetry properties. One such desire is for detection of a wide range of doses, from low to high, in this respect glassy materials providing significant interest, also as a result of their widespread use within the built environment as well as fast sample preparation, further offering a manifest barrier to moisture as well as natural transparency at optical wavelengths [1].



In regard to prospects for car windshield glass as a retrospective thermoluminescence dosimeter, evidence of previous such a study has not been found within the literature. Consequently, the present study examines the TL properties of this form of glass, a random choice being made of three locally popular car brands (Proton, Toyota and Honda) to provide a proof of principle. The samples were subjected to X- and γ-ray irradiation, with doses in the range 1–100 Gy, characterization being made of key dosimetric properties including the TL glow curve, sensitivity to dose, energy response and fading. Material composition and effective atomic number (Zeff) were also evaluated, dose evaluation needing to finally correspond with that of soft tissue, pointing to a demand for careful calibration in finally reconstructing the received dose.




2. Materials and Methods


As previously mentioned, study was made herein of windshield glass samples from three popular brands of motor car—Proton, Toyota and Honda (Table 1). All glass samples were obtained from motor mechanic shops/garages/workshops in Kuala Lumpur, subsequently taken to the radiation laboratory at the University of Malaya for preparation and analysis. All of the samples were thoroughly cleaned, crushed into smaller pieces, ground using a pestle and mortar, and collected in the form of a homogenous powder form, sieving through a 180 micrometer mesh filter (Thermo Fisher Scientific, Waltham, MA, USA). All of the samples were weighed using an electronic balance (Mettler Toledo model, Greifensee, Switzerland), TL yield needing to be normalized to unit sample mass, in present work chosen to be some 40 to 50 mg per sample to ensure accommodation in the planchet of the TLD reader. Prior to irradiation, the samples were annealed at a temperature of 400 °C for 1 h in order to mitigate any residual stored luminescence, emptying the high temperature traps and interstitials. During the annealing process, the glass samples were placed in a ceramic pot and wrapped using aluminum foil in order to prevent contamination of the samples from residuals in the multi-user furnace. At switch-off the samples were then retained within the furnace (model MB3, CMTS Sdn. Bhd, Selangor, Malaysia) for a period of 24 h, allowing non-forced cooling in order to reduce additional thermal stress to the samples.



The glass samples were irradiated to doses from 1 to 100 Gy using a 60Co gamma source (gamma dose-rate of 1.43 Gy/min at the time of the study), while an ERESCO model 200 MF4-RW X-ray machine was used in carrying out energy dependence analysis, both facilities being located at the Department of Physics, University of Malaya. Pre- and post-irradiation, the samples were kept in light-tight containment in order to reduce any exposure to ambient light levels. The irradiated samples were readout using a Harshaw TLD Model 3500 reader (Waltham, MA, USA) equipped with WinREMS software (version PL-26732.8.0.0.0, Thermo Scientific™, Oakwood Village, OH, USA). All of the samples were readout under a fixed settings regime, as follows; time-temperature profile (TTP) with a pre-heat temperature of 50 °C, a heating rate of 10 °C/s, an acquisition time of 45 s and a maximum temperature of 500 °C. Samples were readout under a slow flow of nitrogen gas, suppressing oxidation of the heating element and glass samples. TL signal intensity was recorded in nano-coulomb (nC), each measurement being made by subtracting the background TL response. Scanning Electron Microscope/Energy Dispersive X-ray spectroscopy (SEM/EDX) was carried out using a series TM4000 Table Top SEM (Hitachi, Tokyo, Japan), thus obtaining elemental the compositional analysis of the glass samples (Table 2). A typical SEM image and EDX spectrum are shown in Figure 1.




3. Results and Discussion


3.1. Effective Atomic Number


Effective atomic number    (   Z  e f f    )  ,   the key in seeking accurate estimation of absorbed dose, recognizes that the different photon interaction processes provide different weights to the atomic numbers, different in the different energy regions in which the particular processes dominate. With multi-element materials clearly not being represented by a single atomic number,    Z  e f f     is conventionally considered to be a suitable parameter in describing multi-element materials within particular photon energy regions [16]. The well-established Mayneord equation [17] is typically used to calculate    Z  e f f     as follows:


   Z  e f f   =    (   a 1   Z 1 m  +  a 2   Z 2 m  + ⋯ +  a n   Z n m   )     1 m     



(1)




with    a 1   ,    a  2 ,            a 3   …   a n    the fractional weight contributions of each element in the material, obtained from the ratio of number of electrons per gram of each element to the total number of electrons within the mixture,    a i  =    n e     n  e t      , while m = 2.94, a value typically adopted for photon practical purposes [18], reflective of the dominance of the photoelectric effect in multiple scattering events, the latter being expected in bulk media, humans included.



Based on the weight fraction values obtained in use of Energy Dispersive X-ray (EDX) spectroscopy and listed in Table 2, the number of electrons per gram of material can be calculated using the following Equation (2) [19];


  N e =    N A   Z       A W       W i   



(2)




with NA the Avogadro number (6.02 × 1023), Aw atomic weight, Wi fractional weight and Z atomic number.



Table 2 shows the greater constituency of the three windshield samples, with as an example oxygen contributing 50.9% of the mass of Honda windshields (   the     Z  e f f      of   this   medium    = 12.2  ), 50.6% of the mass of Toyota windshields (   the     Z  e f f      of   this   medium    = 12.0  ) and 50.3% of the mass of Proton windshields (   the     Z  e f f      of   this   medium    = 11.8  ).



We note that, as the oxide glasses are not conductive, the Au coating was used in the preparation of the SEM analysis, and the carbon tape was utilized as the conductive “bridge” connected from the top surface of the sample to the sample holder. In this matter, the employment of carbon tape may contribute to the low weight fraction percentage of carbon content in the studied samples. The effective atomic number of soft tissues for humans is typically taken to be 7.22, TL results need to be corrected via careful calibration in the final reconstruction of absorbed dose to the human body [20].




3.2. TL Glow Curve


The area under the TL glow curve represents luminescence emission over the effective temperature range that elicits dose-dependent trap emptying. Rich in detail, it provides information on TL yield, trap depth and signal fading properties of the materials. Ideally, the TL dosimeter should have glow peak temperatures that are sufficiently great to avoid large-scale fading while at the same time avoiding infrared heating cavity emission issues. In particular, for retrospective dosimetry one is seeking high thermal stability (i.e., deep-seated electron traps) that provide for useful dose storage, even extending over periods from perhaps a number of weeks to some several months or years.



Figure 2 shows typical glow curves obtained from the windshields of the three brands of vehicle, each sample being irradiated to a test dose of 10 Gy. All the samples reveal a broad curve, peaking between 354–389 °C. The behaviour is common to a number of the previously cited amorphous media that have been investigated for TL dosimetry, the distribution of energy showing none of the signs of discreteness seen for instance in ordered media such as TLD-100. Herein, the peaks have been observed to occur at temperatures well above 250 °C, indicative of samples providing high thermal stability, reflective of deep trapping, an essential requirement for dose reconstruction in retrospective dosimetric applications [1]. As seen in Figure 2, the TL glow peak of the Proton sample displays two peaks, a dominant high-intensity peak at 389 nm and a low-intensity peak at 280 nm: a peak at 389 nm displays~17 times larger than the intensity at the peak of 280 nm. Notably, due to its excellent signal stability, the high intensity peak was significant for dosimetry study; hence, this study focuses primarily on the obtained pronounced peaks. At the various doses, the TL glow curves have been shown to be of identical structure in repeat cycles of annealing and irradiation.



The estimation of three fundamental parameters such as the kinetic order, frequency factor (s), and activation energy (E) can be obtained via the analysis of the shape and size of TL glow peaks. In obtaining the order of kinetic, the geometric factor (μg) was first determined using peak shape method developed by Chen [21] as follows:


   μ g  =    δ ω  =      T 2  −  T  M        T 2  −  T 1     



(3)




where, TM = temperature at which the maximum TL intensity occur, T1 and T2 = temperatures on either side of TM, corresponding to half-intensity, δ = T2 − TM, half width at the high temperature side, ω = T2 − T1, the full width at half maximum (FWHM).



By substituting the required values in the aforementioned expression, the geometric factor (μg) for all brands windscreens are found to be between 0.48 and 0.51 (see Table 3), indicating that the recombination process for all samples were within the second-order kinetics. The activation energy (E) is further obtained by using the general expressions given by Chen [21], which is valid for any order of kinetics. The activation energy was calculated using the Equation (4):


  E   =    C α      k  T M 2   α    −    b α    ( 2 k  T M  )  



(4)




here α can be either δ or ω. The values of Cα and bα are obtained using the following expressions:


Cδ = 0.976 + 7.3 (µg − 0.42); bδ = 0










Cω = 2.52 + 10.2 (µg − 0.42); bω = 1











Upon obtaining the values of the activation energy, the frequency factor (s) for the windshield car brands can be calculated using the formula in Equation (5) [21];


  s   =     β E   k  T M 2    exp (  E  k  T M    )  



(5)




where  β  is the heating rate that employed in this present study (10 K s−1) and k is the Boltzmann constant (8.62 × 10−5) eV⋅K−1. Table 3 provides detailed values of activation energy (E) and frequency factor (s) for all studied samples following the substitution of values in Equations (3)–(5). The findings in Table 3 reveal that the activation energy for Proton is the highest, while Toyota is the least. It indicates that windscreen glass sample for Proton has created deeper traps than the any other brands.




3.3. TL Sensitivity


TL sensitivity is represented as the TL signal per unit dose per unit mass (µC g−1 Gy−1), Figure 3 revealing present results from use of 60Co gamma irradiation. Sample sensitivity with dose is subject to various influencing factors including choice of TLD reader [22] and the means of sample handling. The TL sensitivity graph depicts that all studied samples demonstrate a pronounced low-dose sensitivity relative to high-dose exposure. This is because, as the dose is increased, the concentration of recombination centres may become less than that of the electron traps, thus leads in the reduction of TL sensitivity. Honda windshield glass is observed to produce somewhat better sensitivity throughout the studied dose ranges from 0.9 × to 1.3 × of that of the Toyota samples, while the Proton windshield glass is seen to exhibit the least sensitivity. The differences are dominated by relative differences in elemental makeup (Table 2). As instances, the Honda windshield glass shows relatively higher concentrations of fractional Ca, at 8.88% versus 7.27% for Toyota and 5.16% for Proton windshield glass. Variations such as these play significant roles in trap/luminescence centre formation and hence TL sensitivity, in particular the presence of charge states and abundance acting as activators.




3.4. Dose Response


Figure 4a shows the TL dose response of windshield glass for doses in the range 1 Gy to 10 Gy while Figure 4b shows the overall TL response, from 1 Gy to 100 Gy, inclusive of the lower dose values included in Figure 4a. Highly desirable for a good dosimeter is that it should exhibit excellent linearity of response over a wide range of dose. In Fig. 4 the TL response of each of the glass samples has been normalized to unit mass, each dose point representing the mean of three individual measurements. Good linearity is observed within the two dose regimes, 1 Gy to 10 Gy and 10 Gy to 100 Gy, pointing to the strong potential for use of windshield glass as a retrospective dosimetric base-material. The variations are associated with inhomogeneity in batch samples [23,24]. The Honda windshield provides the greatest response, TL yields being respectively 1.08 × and 1.93 × that of the Toyota and Proton windshields. With a regression coefficient (R2) of 0.97, the Honda windshield also offers high dose linearity, the other two vehicle brands showing R2 values of greater than 0.76 when taken across the entire dose range, 1 Gy to 100 Gy. Clearly much superior R2 values will be obtained when evaluations are made within the restrictive dose range 10 Gy to 100 Gy. As seen from Figure 4a,b, the TL intensity for Honda and Toyota car brand samples displayed a significant difference at 1 Gy and started to diminish further increasing the doses, indicating the possibility of these samples to yield pronounced TL difference in much lower doses. Hence, there is a need for further study on this matter. In more limited study of the TL response of car window glass rather than windshield glass, [25] gave beta doses of 1–10 Gy, showing similarly well-behaved dependency with dose, although in the absence of sampling procedure, brand of car, etc.




3.5. Linearity Index, f(D)


Figure 5 illustrates the linearity index,   f  ( D )    of the windshield glass samples from the three brands of motor vehicle, f (D) being a measure of deviation from linearity, given by Equation (6):


  f ( D )   =      (  M    ( D )  / D  )     (  M    (  D °  )  / D °  )     



(6)




with   M    ( D )    the TL response at dose  D  while   M    (  D °  )    is the TL response at the lowest detected dose,   D °  . Linearity is achieved for   f  ( D )    = 1, supra-linearity occuring when   f  ( D )    > 1. The value of   f  ( D )    < 1 signifies a saturated or sublinear region as observed when traps trend towards becoming completely filled.



From Figure 5, the linearity index for Honda and Toyota samples are mainly overlapped at high doses (60 Gy, 90 Gy and 100 Gy) due to the similarity of dose-response behavior; which indicates that the saturation of the signal is likely to be occurred. All of the samples tend towards identical behavior at a practical level,   f  ( D )    manifestly decreasing in approaching saturation, recombination and/or radiation damage effects included [26]. Figure 5 also shows the more linear response at lower doses, trending towards sublinearity with increasing dose.




3.6. Energy Response


In any photon irradiation dosimetric application, a key characteristic is energy dependence, with present purposes in mind defined as the variation in TL yield at fixed dose versus absorbed energy [27]. The photon-energy dependence was evaluated by exposing the samples to an identical test dose of 1 Gy using an ERESCO 200 MF4-RW X-ray source operated in the range of accelerating potentials of 40 to 120 kVp. It is typical in such cases that the energized X-ray tube beams are estimated to have an effective energy of the order of one-third to one-half of the peak kV values [28]. Hence taking the one-half option, present use of 40, 60, 80, 100 and 120 kVp, translates to effective energies of 20, 30, 40, 50 and 60 keV. Figure 6 shows the TL response of the samples, the pattern directly linking with the      Z  e f f     values previously obtained and the enhanced response to be expected in this photon energy region in which interactions are dominated by the photoelectric effect [29]. In Figure 6, the observed reduction of TL intensity with energy is a direct reflection of photoelectric dependence, varying inversely with energy modified by attenuation. As such, analytic dependence cannot reasonably be extracted from the quasi power-law fitting. In particular, due to the non-soft tissue equivalence of the glass, suitable calibration would be required to correct for the effect in obtaining the estimated dose to an individual.




3.7. Fading


The post-irradiation stability of TL signal against time is demonstrated through fading studies [30], as shown herein in Figure 7. The loss of stored signal against time is a thermal relaxation phenomenon, transitions occurring more preferentially from the less stable traps at lower depths. Present study has examined the TL fading over a period of 28 days in seven-day post-irradiation increments. In total, 15 samples were prepared, each irradiated to a fixed dose of 10 Gy from the 60Co gamma-ray source. Each measurement point is the mean of three repeat readings. TL signal fading is most marked over the first seven days post-irradiation, an unsurprising fact given the greater initial TL signal magnitude, led by the Honda brand motor vehicle windshield glass, then Toyota and Proton, with values of 56.7%, 52.6% and 52.1%, respectively. In this matter, the windshield for Proton manifests the most stable signal due to the greatest activation energy relative to other car brands. It is apparent that there is good potential for dose reconstruction over a prevailing period of several weeks, corrections needing to be made for the fading, typically using fitting equations as indicated in Figure 7 for the Honda and Proton windshields. The Toyota data shows more complex behavior beyond the initial two weeks post-irradiation, albeit with apparent greater stability within this period. In fact, the fading loss shows proportional to the stored signal (in other words the number of filled defects), such that one might expect a quasi-exponential decrease. It is thus unsurprising that one sees a good fit to the first few terms of an exponential expansion.



Although some progress has been made, further research is required to investigate the fading characteristics at different storage temperatures. This study has found limited efforts in the literature, especially the investigation within the windshield glass. Based on the finding reported by [31], no significant variation was observed on the optical absorbance of commercial window glass at a low storage temperature of −5 °C and −20 °C that kept for 70 days post-irradiation. In this regard, for the first 24 h, these two sets of samples displayed an approximate reduction of about 5 percent of the optical absorption response. In comparison, low storage temperatures indicate a greater response relative to ambient temperature. In addition, the research to date [32] has published a numerical method in predicting the fading of the TL signal as a function of the trapping parameters for the first, second and general order kinetics. As the values of the order of kinetics increases under the identical values of activation energy E (eV) and pre-exponential factor S″ (s−1), the fading is predicted to delay due to a high possibility of the electrons re-trapping phenomenon.





4. Conclusions


This investigation has evaluated several key TL parameters for windshield glass samples from Honda, Toyota and Proton motor vehicles, including tissue equivalence, TL glow curve, TL sensitivity, dose response, energy response and fading. Over the investigated gamma dose range of 1–100 Gy, the Honda windshield samples are seen to offer the greatest promise, with the greatest TL response and TL sensitivity. With SiO2 the mainstay of glass, Energy Dispersive X-ray Spectroscopy confirms the unsurprising greater presence of both elements, the other various elements being additives that define the various performance properties that are of importance in providing for the needs of high-technology windshields. These same additives undoubtedly give rise to a good deal of the luminescence signal, although the role of the strain-related defects of curved windshields are also to be acknowledged; the effective atomic numbers   (  Z  e f f   )   are found to be within the range 11.8–12.2, compared against the    Z  e f f     of TLD-200 (16.3), the latter enjoying popular use in sensitive measurement of low-level environmental radiation. The presence of the other elements, including sodium, potassium, carbon, calcium, magnesium and aluminum, act as impurities which give rise to localized energy levels within the forbidden bandgap, underpinning the occurrence of an appreciable TL yield. Notably, the variation in Ca concentration between the studied windshield glass media is reflected in the TL sensitivity. The glow peaks for all glass samples show a maximum in TL yield for temperatures between 354–389 °C, supportive of the deep trapping (the activation energies are between 0.83 to 1.29 eV) that is needed for TL media that offer potential for use in retrospective dosimetry. All samples show energy dependency, a matter that needs to be accounted for in obtaining reliable estimates of dose. TL signal storage capability of the three media was investigated for a period of 28 days post-irradiation, demonstrating an ability to retain an appreciable signal for some tens of days post-irradiation. Windshield glass from Honda has been shown to possess the more favourable TL characteristic, a matter needing to be affirmed in more detailed investigations involving greater numbers of samples.
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Figure 1. EDX output from a Honda windshield sample (a) and associated SEM image (b). 
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Figure 2. Typical TL glow curve for glass samples from Honda, Toyota and Proton windshields, 60Co irradiated to a fixed dose of 10 Gy. 
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Figure 3. TL sensitivity of glass samples, for doses from 1 to 100 Gy, delivered by 60Co. 
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Figure 4. Dose response for 60Co exposures: (a) 1–10 Gy; (b) 1–100 Gy. The error bars are standard error of the mean, with in some cases the error bars smaller than the size of the data points. In (b) the linear fittings are biased towards the more elevated doses, (a) better showing the situation at doses up to 10 Gy. 
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Figure 5. Linearity Index of the glass samples subject to 60Co gamma-irradiation, for doses ranging between 1 Gy to 100 Gy. 
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Figure 6. TL response as a function of effective energy (20–60 keV), the samples being subjected to X-ray irradiation. 
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Figure 7. Long-term fading of the TL signal, noting that during periods other than readout the samples are stored in the dark at ambient temperature (27 °C). 






Figure 7. Long-term fading of the TL signal, noting that during periods other than readout the samples are stored in the dark at ambient temperature (27 °C).



[image: Applsci 10 07127 g007]







[image: Table] 





Table 1. Details of windshield glass samples used in this study.
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	Brand Name
	Country of Origin
	Average Mass (g)





	Proton
	Malaysia
	0.050 ± 0.002



	Toyota
	Japan
	0.040 ± 0.003



	Honda
	Japan
	0.040 ± 0.002
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Table 2. Elemental composition of car windshield glass samples from EDX analysis.
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Windshield Glass from Car Brand

	
Element, i

	
Weight Fraction, Wi(%)

	
No of Electrons per gram of Each Element,

Ne = (NA × Z × Wi)/AW

	
Fractional Weight Contributions of Each Element, ai

	
Effective Atomic Number, Zeff






	
Honda

	
Si

	
24.8

	
7.43 × 1022

	
2.48 × 10−1

	




	
Na

	
8.06

	
2.32 × 1022

	
7.75 × 10−2

	
12.2




	
K

	
0.05

	
1.46 × 1020

	
4.88 × 10−4




	
C

	
5.05

	
1.52 × 1022

	
5.07 × 10−2




	
O

	
50.9

	
1.53 × 1023

	
5.11 × 10−1




	
Ca

	
8.88

	
2.67 × 1022

	
8.91 × 10−2




	
Mg

	
1.68

	
4.99 × 1021

	
1.67 × 10−2




	
Al

	
0.61

	
1.77 × 1021

	
5.91 × 10−3




	
Toyota

	
Si

	
24.7

	
7.40 × 1022

	
2.47 × 10−1

	
12.0




	
Na

	
8.96

	
2.58 × 1022

	
8.62 × 10−2




	
K

	
0.27

	
7.90 × 1020

	
2.64 × 10−3




	
C

	
4.8

	
1.44 × 1022

	
4.82 × 10−2




	
O

	
50.6

	
1.52 × 1023

	
5.08 × 10−1




	
Ca

	
7.27

	
2.18 × 1022

	
7.30 × 10−2




	
Mg

	
2.35

	
6.98 × 1021

	
2.33 × 10−2




	
Al

	
1.14

	
3.31 × 1021

	
1.10 × 10−2




	
Proton

	
Si

	
28.8

	
8.64 × 1022

	
2.89 × 10−1

	
11.8




	
Na

	
9.85

	
2.84 × 1022

	
9.48 × 10−2




	
K

	
0.10

	
2.93 × 1020

	
9.78 × 10−4




	
C

	
2.12

	
6.38 × 1021

	
2.13 × 10−2




	
O

	
50.3

	
1.51 × 1023

	
5.06 × 10−1




	
Ca

	
5.16

	
1.55 × 1022

	
5.18 × 10−2




	
Mg

	
2.48

	
7.37 × 1021

	
2.46 × 10−2




	
Al

	
0.96

	
2.78 × 1021

	
9.31 × 10−3




	
S

	
0.22

	
6.61 × 1020

	
2.21 × 10−3
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Table 3. Estimation of the trapping parameters of windshield glass for different car brands subjected to the dose of 10 Gy with corresponding maximum temperatures calculated from Chen formula.
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	Windshield Glass from Car Brand
	TL Peak Position, TM (K)
	Geometric Factor, μg
	Activation Energy (eV)
	Frequency Factor (s−1)





	Honda
	627.15
	0.51
	1.18
	2.97 × 1010



	Toyota
	646.15
	0.49
	0.83
	1.86 × 107



	Proton
	662.15
	0.48
	1.29
	5.93 × 1010
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