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Abstract

:

A sensitization procedure is used to enhance the thermoluminescence (TL) sensitivity of phyllite to emit radiation. Phyllite is a type of foliated metamorphic rock made from slate. This study examines naturally grown phyllite rock, which had not been previously studied. Using a Thermo 3500 manual reader, the TL sensitivity of phyllite as a function of dosage was measured. The doses required to perform this study were administered using a 60Co source. The statistical regression test of the data had a significance level of p < 0.05. The study also included thermal and pre-dose effects. Using the sensitization procedure, the nonlinearity in TL dose–response was removed, and the sensitivity was increased 44 times that of its original value. The fading study showed a dependence on the test dose. According to the obtained results, the combination of linear dose–response and high sensitivity to gamma radiation makes phyllite an important rock for dating and retrospective dosimetry.
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1. Introduction


Sensitization is known as the increased luminescence response of a material as a result of a certain test dose after thermal activation [1,2,3,4,5]. Two methods are used to produce sensitization: One is to irradiate the specimen with a high dose and after that treat it thermally to an activation temperature [6,7], while the other is to anneal the sample at high temperature [8]. The first method of sensitization is called the pre-dose effect [9]. This method of sensitization is extensively used in authenticity testing of natural materials and other fields [10]. Others use the optimum particle size [11]. Over time, many models have been proposed to explain the phenomena of sensitization [5,12]. Thermal sensitization is obtained by annealing the investigated sample at higher temperatures. Thermal treatments of the investigated sample at higher temperature leads to the removal of competitors and, consequently, alterations of the recombination centers at these temperatures [13,14]. Thus, high-temperature annealing creates additional recombination centers (L) and, as a result, increases the number of holes that are captured during subsequent irradiation cycles, which improves sensitivity [12,15]. Attempts were made to elucidate the tendency of mixing up these forms of sensitization [16]. The thermal sensitization method is the main form of sensitization in unheated samples, while the pre-dose method is the prominent effect of the sensitization of annealed samples [15]. Doping is also another important factor affecting TL sensitization [17]. Additionally, the thermal history of a material, which includes the heating conditions, has also a significant bearing on its luminescence characteristics [12,18,19]. The sensitization method was also investigated for synthetic materials [20].



It has been previously reported that the TL dose responses of some natural materials are sublinear, for example, dolomite, calcite, and tuff, while a few are superlinear, such as amethyst quartz [10] and feldspar. In the present study, we report for the first time sensitization studies of naturally grown phyllite material, which is not similar to any previous reports of natural materials [4,11,18,19,20,21,22].



Other natural materials were studied, including quartz [7], mica [21,22,23], blue calcite [24], and calcitic limestone [13]. For example, Kaur et al. [23] studied the sensitization characteristics of the 180 °C thermoluminescence peak of muscovite mica. They investigated the relationship between the sensitization factor and the pre-dose and duration of heat treatment. Soliman [22] was reported the effect of pre-dose on the natural white mica. The author found that a pre-dose of 1 kGy of gamma-radiation, followed by thermal activation to 550 °C of fired mica, causes a notable increase in TL sensitivity. Hashimoto et al. [14] investigated TL properties for natural quartzes using IPDA and TLCI methods. They found a change in color from original blue to red in a Z-cut slice of Madagascar quartz due to the annealing (at about 1000 °C). David et al. [24] studied the TL for quartz and found that the TL response of the quartz is improved by 2–3 orders when the specimen received a pre-gamma exposure of about 10/sup 7/R.



The main aim of the present investigation is to study the sensitization resulting from both thermal activation and a pre-dose of 250 °C TL peak. A focus on the competitor deep electron traps far from thermal quenching effects was identified by experimental glow curve deconvolutions. The pre-doses (0.1–1.75 kGy) used in this study, and the dose–response ranges (0.1–1000 Gy) are much wider than those in previous reports.




2. Materials and Methods


2.1. Materials


Phyllite is a type of foliated metamorphic rock made from slate. Primarily, phyllite consists of quartz, sericite phyllite, and chlorite. The chemical composition including trace elements of phyllite is shown as weight percentage in Table 1.




2.2. Methods


2.2.1. Sample Preparation Grinding


Using a mechanical ball mortar, the phyllite sample was ground for approximately 20 min. To choose the appropriate particle diameter (100 µm), the obtained powder was transferred to a separator instrument.




2.2.2. Remove Magnetic Grains


To remove any magnetic traces existing in the obtained phyllite powder, a Franz magnetic separator was used.




2.2.3. Chemical Treatment


Carbonates and fine grains were also removed from the phyllite powder using chemical treatment, in which the phyllite powder was immersed in 1 N HCl and 30% H2O2 for 2 h and then deflocculated using 0.01 N sodium oxalate.




2.2.4. TL Measurements


Using the instrument thermo3500 manual reader, the TL spectra (glow curves) were measured at temperatures ranging from 20–22 °C to 400 °C. The obtained TL glow curves were measured utilizing a blue filter. This filter has a good capacity for excluding light with wavelengths longer than 500 nm, including those in the infrared region. All TL glow curves were measured during linear heating rate (increase) of order 5 °C/s. To remove any fluctuation from the TL glow curve, an average procedure was adopted. In this procedure, TL glow curves were measured many times (more than 5 times) with several aliquots of phyllite powder. To eliminate any likelihood of oxidation of phyllite powder, all heat treatments were performed in quartz vials using a calibrated programmable oven.




2.2.5. Gamma Irradiations


In this investigation, the required irradiation doses were obtained using a 60Co source with a dose rate of 0.883 centigray/s (cGy/s) and the activity of order 4.19 × 1013 Bq·g−1; exposed doses varied between 100 mGy and 1000 Gy.




2.2.6. Statistical Test


Using Glow Fit deconvolution and the TLanal programs, the presentation and analysis of the experimental data were conducted. In addition, these programs were also used for the deconvolution analysis of the glow curve.






3. Results and Discussion


3.1. TL Glow Curve


In the absence of any effect of external laboratory irradiation doses and at relatively elevated temperature, the TL signals of the as-received phyllite demonstrate doses accumulation behavior. For a second readout, the signals background for the sample and reader were measured. The TL glow curve of the as-received phyllite sample is almost constant with little intensity variation. When the phyllite sample was heated (with a linear rate of order 5 °C/s) from room temperature up to 400 °C, the glow curves approach only a single peak, observed at 250 °C (Figure 1). This behavior can be explained based on the trap centers that exist in the as-received sample. The natural sample (phyllite) contains trap centers that are empty at low and room temperatures. These centers are empty because fading behavior was observed during the transition from low temperature to room temperature. In addition, the TL signals measured from the as-received specimen are mainly ascribed to two parts—the first is due to self-irradiation, and the second is a result of irradiation acquired from the surrounding environment.




3.2. Sensitization


To empty the deep traps that exist in the investigated material (phyllite), the powder was maintained at a fixed temperature (900 °C) for approximately 8 h; subsequently, Fleming’s sensitization technique31 was applied. The basic of the sensitization process is summarized in the following steps:



Step 1: Pre-dose sensitization;



Step 2: Thermal sensitization.




3.3. Pre-Dose Sensitization


In the present investigation, the qualitative explanation suggested by Zimmerman was adopted in which a pre-dose heating treatment is given to the investigated sample. This treatment populates the reservoir centers with more holes. Consequently, these holes will relax to populate the centers responsible for emitting TL peaks. As the population of the recombination centers increases, the intensity of the TL glow peak is obviously enhanced. The physical mechanism underlying the per-dose sensitization can be qualitatively understood based on the effective regrouping of the occupancy level of various luminescent centers. Actually, regrouping of the luminescent centers enhances the charge relation responsible for producing the observed TL peak.



The following steps show the procedure adopted for the activation dose protocol:



(a) Aliquots were kept at 900 °C for 8 h; subsequently, the aliquots were given a test dose of 1 Gy (from this step, we aimed to find S0);



(b) The preceding series of aliquots were given a single pre-dose of γ-radiation varying between 0.1 kGy and 1.75 kGy;



(c) After the first two steps, all the aliquots were heated to 500 °C, and (d) when cooled, a test dose (1 Gy) was given to the aforementioned heated aliquots that had sensitivity S. from these four steps we abled to report S/S0.



As shown in Figure 2a, in the beginning, the variation of the sensitivity is linear, but finally, near saturation of the pre-dose effect, a turnover is observed. This behavior occurs approximately at a dose with a value of 1.1 kGy of the applied pre-dose.



Thermal sensitization: The thermal activation characteristic (TAC) was measured according to the following steps:



Step 1. The aliquots (of the same weights) were kept at 900 °C for about 8 h, and then, an optimum pre-dose of 1 kGy were given such aliquots;



Step 2. After finishing the previous step, these aliquots were heated in the range starting at 300 °C and ending at 700 °C;



Step 3. After the aliquots were cooled, 1 Gy dose was applied to determine the parameter S. The S/S0 was then computed at several temperatures (between 300 °C and 700 °C) (Figure 2b). For the investigated material (phyllite), 550 °C was found to be the optimal activation temperature, meaning that the maximum charge carrier concentration was reached.



As is shown in Figure 2b, a clear increase in sensitivity is observed. At high temperatures, the thermal deactivation observed is explained using Goedicke’s model, in which the second electron trap (T2) is thermally connected. Accordingly, the electrons existing in T2 are thermally transferred into the conduction band, and the drop in sensitivity occurring above a certain temperature is attributed to the radiative recombination of the relaxed electrons moving away from T2 with trapped holes. As depicted in Figure 3, the pre-dosed glow curves have three distinct peaks, observed at 75 °C, 115 °C, and 250 °C, respectively. The low-temperature peaks shown at 75 °C and 115 °C are thermally unstable. With an increase in pre-dose, they disappear, and a new peak is observed at 120 °C. The new peak is explained by the phenomenon of destruction and filling of different traps during the irradiation process.



In addition, as depicted in the glow curves, those that annealed at low temperatures 300–500 °C (Figure 4) have a new high-temperature peak at 315 °C, which completely disappears at higher temperatures. According to the Goedicke model, this peak is a competitor, and it is thermally linked to high temperatures ranging from 550 °C to 700 °C. Qualitatively, the peak observed at 315 °C may be attributed to the thermally displaced electrons into the conduction band of phyllite. The creation of thermal electrons may cause a reduction in sensitivity at temperatures greater than 550 °C, and consequently, radiative recombination of the relaxed electrons with the trapped holes occurs. Mixing the pre-dose with thermal sensitization increases S/S0 by values that depend on the test dose, that is, for a test dose of 1 Gy, the ratio S/S0 is found to have a value about ≅13 ± 0.33. Following Zimmerman′s argument, the extra holes concentration existing at the luminescence center is the direct cause for the higher response to a subsequent test dose. However, Chen [5] highlighted the observation that the finally measured TL is proportional to the filling of L level, and there is a linear dependence on the value of the test dose. Sensitization effects are clearly observed when reservoir R shows saturation effects. Fleming and David et al. [24] argued that the initial use of a high test dose may mean that part of the effect is due to the combination of irradiation plus heating. Therefore, the present results could be explained on the basis of defect creation (vacancies) in the crystal structure of the investigated material.



Growth curves: for an unsensitized phyllite sample, the dose–response of the TL (Figure 5a) had two ranges of variation with two different slopes:




	(1)

	
Linear behavior (y = 301.88 + 35.103x) in which the linear change covers the dose range 0.1–5 Gy. The linearity index has an average value of 0.9539;




	(2)

	
Superlinear behavior (y = 46.46x1.1) in which the superlinear change is in the dose range > 5–103 Gy.









In the previous equations (linear and superlinear), y represents the TL intensity per gm, and x is the given dose in Gy.



As shown in Figure 5b, the linear dependence of the sensitized phyllite (y = 275.89 + 22.029x) in the dose range of 1 up to 103 Gy with the linearity index in the range 0.98 to 1.01 is presented.



The model suggested by Suntharalingam and Cameron is used to explain the results depicted in Figure 5a as follows:



Figure 6 displays the glow curves of the unsensitized and sensitized phyllite. The unsensitized sample (Figure 6a) has 4 TL peaks observed at 75 °C, 115 °C, 250 °C, and 315 °C, respectively.



In the sensitized material, it was assumed that the peak that exists at 315 °C became thermally linked to the conduction band that exists at 550 °C, so its traps were emptied, as shown in Figure 6b.



The TL dose–response of the sensitized phyllite is linear, which is in agreement with previously published reports [21,22,23]. The pre-dose technique was quite suitable for heated samples such as phyllite; the same result was found and reported previously forquartz. In the literature, the effect of sensitization was studied for many purposes, such as to investigate the source of point defects, to measure the variation of responses between different aliquots of the same sample, and to infer the temperature at which the natural material was heated in the past. Leonardo et al. found that photo transfer thermoluminescence (PTTL) increased the sensitization effect, while prolonged blue light exposure decreased it.





4. Fading Study


The study of the fading behavior of an unusual collection of sensitized materials was performed. The studied aliquots were divided into two groups. The first group received a gamma dose irradiation, after which they were kept in dark throughout the measurement. The TL of several stored aliquots and several aliquots freshly irradiated with the same gamma dose was compared. In Figure 7, the fading data at different test-dose levels (0.5, 1, and 2 Gy) are depicted. For test doses covering the range 0.5 Gy to 2 Gy, the remnant TL is in the range of 0.98–0.94 after a storage period of 5 days. This enhancement in the fading rate with test dose is directly related to the increase in radiation damage.




5. Conclusions


The glow curve of natural phyllite was studied, which showed one TL peak observed at 250 °C. The sensitization procedure adopted induced three additional defect peaks found at 75 °C, 115 °C, and 315 °C, respectively. A pre-dose of 1 kGy, followed by heating to 550 °C of heated phyllite, caused a large increase in the TL sensitivity (S/S0). The pre-dose increased the S/S0 by a factor of five, while the combination of the pre-dose with thermal sensitization increased the S/S0 for a test dose of 1 Gy to ≅ 13 ± 0.33.



The sensitization effect increased sensitivity by 44 fold for the test dose of 1000 Gy and also removed the superlinear behavior observed in the dose–response curve. The enhancement in the fading rate with test dose is attributed to the increase in radiation damage.



Competition between irradiation and thermally linked trap models was used to discuss the TL results. Material science technology will benefit from applying radiation dosimetry techniques for this type of material. Further investigation of the dependence of phototransfer effects upon sensitization is required. In addition, the effects of different radiations and annealing temperature on the TL spectra of the investigated material are also necessary. For test doses covering the range 0.5 Gy to 2 Gy, the remnant TL is in the range of 0.98–0.94, after a storage period of 5 days. This enhancement in the fading rate with test dose is directly related to the increase in radiation damage.
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Figure 1. TL glow curve of the as-received sample. 






Figure 1. TL glow curve of the as-received sample.



[image: Applsci 12 00637 g001]







[image: Applsci 12 00637 g002 550] 





Figure 2. The sensitization factor of 250 °C TL peak of phyllite versus (a) pre-dose with γ-radiation and (b) post-irradiation temperature. 
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Figure 3. Variation of glow curves with the pre-dose. 
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Figure 4. Variation of glow curves with the activation temperature. 
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Figure 5. Growth curves of phyllite as a function of gamma dose: (a) unsensitized sample and (b) sensitized sample. The calculated standard deviation is within 5%. 






Figure 5. Growth curves of phyllite as a function of gamma dose: (a) unsensitized sample and (b) sensitized sample. The calculated standard deviation is within 5%.



[image: Applsci 12 00637 g005]







[image: Applsci 12 00637 g006 550] 





Figure 6. Variation of TL glow curves of (a) unsensitized phyllite and (b) sensitized phyllite with test dose 1 Gy. 
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Figure 7. TL fading of phyllite at room temperature against test dose. 
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Table 1. The chemical composition of phyllite.
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	Element
	Weight (%)





	SiO2
	57.8



	AlO3
	17.1



	Fe2O3
	5.51



	MgO
	1.4



	CaO
	10.5



	Na2O
	0.25



	K2O
	0.28



	TiO2
	0.62



	MnO
	0.05



	H2O
	3.53



	Sum
	97.04



	Trace elements
	Concentration (ppm)



	Rb
	34



	Sr
	131



	Rb/Sr
	0.26
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