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Abstract 

Nanorods (~25 nm × 200 nm) of K2Ca2(SO4)3:Eu phosphor (powder) were synthesized by 

chemical coprecipitation method followed by annealing at 700 °C. Dimensions of nanorods were 

confirmed by TEM and XRD. The material (pellets) was irradiated by 60Co gamma rays for various 

doses over the range of 0.1 Gy to 100 kGy and also by 6 MeV electrons at different fluences 

varying from 2.5×1011 e/cm2 to 5×1013 e/cm2 at room temperature. Thermoluminescence (TL) and 

photoluminescence (PL) of the gamma and electron irradiated phosphors were also studied. TL 

glow curve apparently exhibited a peak at around 152 °C with a small hump around 258 °C. The 

exact number of peaks in a glow curve were determined by thermal cleaning method and glow 

curves were further deconvoluted by CGCD method to determine trapping parameters. PL 

emission spectrum consisted of a single emission band at 388 nm (Eu2+ emission) on excitation by 

320 nm. The intensity of this peak increased with the electron fluence up to 5×1012 e/cm2 and 

decreases thereafter. The TL response is linear in the dose range from 0.1 Gy to 1 kGy of gamma 

radiation and electron fluence range from 2.5×1011 e/cm2 to 2.5×1012 e/cm2. The electronic 

structures of the pristine and Eu doped K2Ca2(SO4)3 materials were analyzed by means of first-

principles density functional theory (DFT) calculations. The dosimetric characteristics suggest that 

the K2Ca2(SO4)3:Eu nanophosphor can be useful for its application in radiation dosimetry, 

especially, for measurement of high-doses of gamma and electrons. 
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1. Introduction 

Thermoluminescence (TL) is a well-known technique widely used in the dose measurement of 

ionizing radiations such as UV, X-rays, gamma rays and swift heavy ion beams. The intensity of 

light emitted by phosphor is proportional to the irradiation doses given to it and by calibration with 

known doses of high-energy radiations; unknown doses could also be estimated. 

Thermoluminescence has applications in many fields such as personnel and environmental 

dosimetry, medical dosimetry, archaeological and geological dating, space dosimetry, etc. [1-3]. 

Nanophosphors are useful for the measurements of high doses of ionizing radiations, where 

microcrystalline thermoluminescence dosimetry (TLD) phosphors saturate [4-18]. Recently 

published reports describe some of the phosphors such as nanocrystalline CaSO4:Dy, 

K2Ca2(SO4)3:Eu, LiF:Mg,Cu,P, Ba0.97Ca0.03SO4:Eu, etc. and show that they are quite suitable for 

estimating very high doses for high-energy radiations like gamma rays, protons and swift heavy 

ions [4-18]. Researchers have been studying K2Ca2(SO4)3 microcrystalline phosphors since 1990 

[19-23] and the doped/co-doped K2Ca2(SO4)3 nanophosphors since 2002 [4-6, 8, 12-16]. 

Alongside, efforts are also being made towards the development of K2Ca2(SO4)3:Eu based 

photoluminescent liquid crystal displays (PLLCD) [24]. All the reported phosphors were irradiated 

with gamma rays, ion beams and proton beam and their luminescence properties were studied. 

There, however, exist limited reports on the thermoluminescence (TL) characteristic of the 

nanophosphors with electron irradiation.  

 

In this work, K2Ca2(SO4)3:Eu (0.1 mole %) nanophosphor has been prepared by chemical 

coprecipitation method. The irradiation was carried out using gamma rays and 6 MeV electron 

beam. The TL glow curves of the irradiated materials were recorded for a wide range of gamma 

doses, i.e., from 0.1 Gy to 100 kGy and wide range of electron fluences, i.e., from 2.5×1011 to 

5×1013 e/cm2. TL response curves of the gamma rays and electron beam irradiated materials were 

studied and explained in more details. The experimental TL glow curves are deconvoluted by using 

a Computerized Glow Curve Deconvolution (CGCD) software code [17, 18, 25] and their trapping 

parameters were determined. Before doing the deconvolution of the glow curves the exact peak 

positions (temperatures) and the number of glow peaks were confirmed by thermal cleaning 

method [17, 18, 26, 27]. The irradiated materials were also stored at room temperature, glow curves 

were recorded at different time intervals to study fading over a period of time. The minimum 
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detectable dose of K2Ca2(SO4)3:Eu nanophosphor was also determined. Moreover, the 

photoluminescence (PL) excitations and emissions spectra of unirradiated and electron beam 

irradiated nanomaterial were recorded at room temperature and studied.  

 

2. Experimental Procedure 

2.1. Method of Preparation 

Nanorods of K2Ca2(SO4)3:Eu were prepared using the chemical reaction followed by 

Mandlik et al. [16, 18]. For this synthesis CaCl2, KCl and (NH4)2SO4 were used as the precursors 

and for Eu doping, 0.1 mol % EuCl2 (AR grade) received from Sigma Aldrich was used. The 

precipitate obtained after the reaction was filtered and washed several times with distilled water. 

The cleaned powder was then dried at 120 °C in an oven for 12 h, annealed and quenched at 700 

°C for 2 h in air [20]. The synthesized powder of 80 mg was mixed with 40 mg of Teflon powder 

(binder) and using a die, with 4-ton pressure for 3 minutes each time by a hydraulic press, circular 

pellets of approx. 1.0 mm thick and 10 mm diameter were made in the laboratory for recording 

TL. However, for taking PL studies the powder samples were used. 

 

2.2. Irradiation with 6 MeV electrons and 60Co gamma rays 

The pellets of the K2Ca2(SO4)3:Eu nanorods were irradiated by 6 MeV electrons at different 

fluences, varying from 2.5×1011 to 5×1013 e/cm2 at room temperature. The electron beam was made 

available from the Rack Track Microtron facility at the Department of Physics, Savitribai Phule 

Pune University [28]. Similarly, the pellets of the K2Ca2(SO4)3:Eu nanorods were also exposed by 
60Co gamma source available at Department of Chemistry, Savitribai Phule Pune University for 

various doses over the range 0.1 Gy to 100 kGy for comparison. 

 

2.3. Characterization 

XRD spectrum was recorded using Cu-target (Cu-Kα=1.54 Å) on Bruker AXS D8 

Advance X ray Diffractometer. The elemental concentration of the sample was studied by energy-

dispersive X-ray spectrometer (EDS) attached to the Scanning Electron Microscope (JEOL JSM-

6360A). TEM images of the K2Ca2(SO4)3:Eu powder were obtained on the Transmission Electron 
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Microscope, “TECHNAI G2 20U-TWIN (FEI, Netherlands),” operated at 200 kV. TL glow curves 

were recorded using a computerized Nucleonix TLD Reader (Model TL1009I) by taking (~5.0 mg 

and 1.0 mm thick) pellet sample every time and heating it with a uniform rate of 5 °Cs−1 with the 

help of a temperature controller. In these measurements, at least three TL glow curves were 

recorded for each sample after desired radiation exposure to confirm the consistency in the 

measurements. Photoluminescence (PL) excitation and emission spectra were recorded using 

Perkin Elmer LS-55 Fluorescence Spectrophotometer (using xenon flash lamp as source and a 

wide band PMT as a detector). For taking PL, same amount (~200 mg) of powder sample was 

taken for every measurement. 

 

2.4. Computational Details 

The first-principles density functional theory (DFT) calculations are performed using the 

projected augmented wave (PAW) plane-wave basis, implemented in the Vienna Ab initio 

Simulation Package (VASP) [29-32]. The electronic exchange–correlation potential was 

calculated using the Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) 

functional [33, 34]. A plane-wave basis set with a kinetic energy cut off of 600 eV was employed 

to converge the total energy of the CaSO4:Eu compound to within 10─6 eV. The atomic positions 

are optimized using a conjugate gradient scheme without any symmetric restrictions until the 

residual Hellman–Feynman forces on each atom converged to within 10─3 eV Å─1. The Brillouin 

zone of K2Ca2(SO4)3 and K2Ca2(SO4)3:Eu are sampled using 5×5×5 mesh of Monkhorst-Pack k-

points [35]. The K2Ca2(SO4)3 was modelled in the cubic crystal structure (space group P213, 

no:198) containing 76 atoms (8 K, 8 Ca, 12 S, and 48 O) and by substituting Eu atom at K or Ca 

sites resulted in the formation of K2Ca2(SO4)3:Eu. A higher k-points mesh of 7×7×7 was used to 

determine the electronic structures (band structure and partial density of states). 

 

3. Results and discussions 

3.1. Particle size 

The XRD spectrum of the K2Ca2(SO4)3:Eu annealed at 700 °C is shown in Fig. 1.  The 

recorded pattern exhibit diffraction peaks indicating K2Ca2(SO4)3:Eu is in the cubic phase with 

lattice constant, a = 10.32 Å which matches well with the same given in JCPDS Card No. 40-0545. 
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The average particle (grain) size of the nanorods was estimated from the line broadening of the 

XRD peaks using the Scherrer’s formula [16]. The average grain size of the nanorods was found 

to be close to 32 nm, which confirm the nanocrystalline phase of the K2Ca2(SO4)3:Eu powder. The 

shape and size of these particles were also determined from the recorded TEM image shown in 

Fig. 2(a). This image shows that the particles are in the form of rods having diameter 20-30 nm 

and the length ~200 nm. It also highlights that they are of quite uniform shapes and sizes. The 

difference in the estimation of the particle size is within the experimental limits and may be due to 

the estimation by two different methods. The selected area electron diffraction (SAED) pattern 

shown in Fig. 2(b) identifies the crystalline nature of K2Ca2(SO4)3:Eu and confirms the cubic 

phase. 

 

3.2. Energy Dispersive Spectroscopy (EDS)  

The elemental composition of K2Ca2(SO4)3:Eu was obtained from the energy dispersive 

spectroscopy (EDS), which shown in Fig. 3. The EDS of the K2Ca2(SO4)3:Eu powder sample 

reveal that they are mainly composed of K, Ca, S and O with a small amount of Eu. The EDS 

pattern confirms the presence of Eu in the K2Ca2(SO4)3 powder and percentage of the impurity is 

very nearly equal to the doped value of Eu in K2Ca2(SO4)3. Table 1 lists the weight percentage as 

well as atomic percentage of the elements in the K2Ca2(SO4)3:Eu sample. 

3.3. Thermoluminescence glow curves  

The synthesized K2Ca2(SO4)3:Eu nanophosphor was used for estimation of the doses of 6 

MeV electrons and 60Co gamma rays. Fig. 4 shows the TL glow curves of K2Ca2(SO4)3:Eu 

nanophosphor exposed to gamma rays at different doses (0.1 Gy to 100 kGy) and Fig. 5 shows the 

TL glow curves after exposure to 6 MeV electrons at different fluences (from 2.5×1011 e/cm2 to 

5×1013 e/cm2). The TL glow curves shown in Fig. 4 and Fig. 5 apparently show a single glow peak 

at 152 °C, and a small hump at 258 °C. As seen from Fig. 4 and Fig. 5, there is no significant 

change in the position of peak temperature; and the difference is within the experimental error of 

3 °C; if the phosphor is irradiated for different gamma doses and electron fluences. These results 

indicate that the observed peaks in the glow curve of K2Ca2(SO4)3:Eu nanophosphor follow first-

order kinetics [27, 36, 37]. It has also been observed that the nature of the TL glow curves does 

not change with the gamma dose and electron fluence. It is to be noted here that the above number 
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of glow peaks and the respective peak temperatures are as apparently seen in the respective glow 

curves. However, the exact number of peaks and their respective peak temperatures were 

confirmed by thermal cleaning method, further deconvoluted by CGCD method and are given in 

Section 3.4 (Figs. 7 and 8) along with their trapping parameters (Table 2). 

 

3.4. Deconvolution of TL glow curves and calculation of trapping parameters  

TL glow curves of K2Ca2(SO4)3:Eu nanophosphor exposed to different doses of γ-rays from 60Co 

source (0.1 Gy to 100 kGy) and irradiated with different electron fluences (from 2.5×1011 e/cm2 to 

5×1013 e/cm2) are shown in Figs. 4 and 5, respectively. It could be observed that there is no 

appreciable change in the peak temperatures of the respective dosimetry peaks (~152 °C) and also 

that of the other peaks in these glow curves. This shows that these peaks could follow first order 

kinetics [27, 36, 37]. Therefore, the Computerized Glow Curve Deconvolution (CGCD) method 

for curve fitting in both gamma and electron irradiated K2Ca2(SO4)3:Eu nanophosphor was done 

using the glow curve deconvolution (GCD) function (Eqn. 1), suggested by Kitis [38], for the first 

order kinetics glow curves. Before doing the deconvolution, the exact peak positions 

(temperatures) and the number of glow peaks were confirmed by thermal cleaning method where 

irradiated samples were heated with a linear rate (5 °Cs-1) at the interval of 5 °C up to a certain 

point. The heating was abruptly stopped (Tstop point) by switching off the power to the heater. The 

sample was then cooled down and reheated to obtain a glow curve and the position (maximum 

peak temperature Tm) of the corresponding peak was noted. This procedure was repeated several 

times by re-irradiating the same sample each time and by increasing the Tstop temperature by 5 °C 

higher value than the earlier [17, 18, 26, 27]. The Tm vs. Tstop values were plotted to obtain a 

staircase type of curve where the Tm values corresponding to the stairs (horizontally flat portions 

of the curve) are the respective maximum peak temperatures. The plot of Tm vs. Tstop for 

K2Ca2(SO4)3:Eu nanophosphor irradiated for 1 kGy of gamma dose is shown in Fig. 6. 

 

Glow curve deconvolution (GCD) function suggested by Kitis [38] for the first order: 

 𝐼(𝑇) = 𝐼𝑚𝑒𝑥𝑝 [1 + 𝐸𝑘𝑇 𝑇−𝑇𝑚𝑇𝑚 − 𝑇2𝑇𝑚2 𝑒𝑥𝑝 ( 𝐸𝑘𝑇 𝑇−𝑇𝑚𝑇𝑚 ) (1 − 2𝑘𝑇𝐸 ) − 2𝑘𝑇𝑚𝐸 ]      (1) 
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Here, I (T ) is the TL intensity at temperature T (K), Im is the maximum peak intensity, Tm is the 

temperature corresponding to maximum peak intensity Im, E, trap depth or the thermal activation 

energy (eV) needed to free the trapped electrons and k, the Boltzmann’s constant (8.6 × 10−5 

eVK−1). 

 

The frequency factor S is obtained from the following equation for the first order: 

 𝑆 = 𝛽𝐸𝑘𝑇𝑚2 exp⁡ ( 𝐸𝑘𝑇𝑚)        (2) 

 

where, β is the linear heating rate. 

 

A typical deconvoluted TL curves and the theoretical curve fitting with the experimental TL glow 

curves (after convolution) for K2Ca2(SO4)3:Eu nanophosphor irradiated with 10 kGy of γ-dose and 

5×1013 e/cm2 electron fluence are given in Figs. 7 and 8, respectively. The goodness of the fitting, 

i. e., figure of merit (FOM) for these fittings is found to be in the range 1.87% to 1.92% which is 

considered as good. This shows that experimental and theoretical glow curves are in good 

agreement and very much overlapping on each other. The deconvolution of the experimental 

curves has revealed some more hidden glow peaks and the presence of these peaks was confirmed 

by thermal cleaning (staircase of Tm–Tstop plot) as shown in Fig. 6.  

 

The trap depths or activation energies (E) of the deconvoluted glow peaks were calculated using 

Chen’s set of empirical formulae [39, 40] as follows: 

 𝐸𝛼 = 𝑐𝛼 (𝑘𝑇𝑚2𝛼 ) − 𝑏𝛼(2𝑘𝑇𝑚)     (3) 

 

with  𝛼 = 𝜏, 𝛿, 𝜔, 𝜏 = 𝑇𝑚 − 𝑇1, 𝛿 = 𝑇2 − 𝑇𝑚,⁡𝜔 = 𝑇2 − 𝑇1,    𝑐𝜏 = 1.51 + 3.0(𝜇𝑔 − 0.42), 𝑐𝛿 = 0.976 + 7.3(𝜇𝑔 − 0.42), 
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𝑐𝜔 = 2.52 + 10.2(𝜇𝑔 − 0.42), 𝑏𝜏 = 1.58 + 4.2(𝜇𝑔 − 0.42), 𝑏𝛿 = 0, ⁡⁡⁡⁡⁡𝑏𝜔 = 1. 

 

To determine the order of kinetic, the form factor was calculated by using the equation, 

 𝜇𝑔 = 𝑇2−𝑇𝑚𝑇2−𝑇1       (4) 

 𝜇𝑔 was found to be ~0.42 for all the deconvoluted and theoretically fitted glow peaks. The 

calculated trapping parameters are summarized in Table 2.  

 

The TL glow curves shown in Fig. 4 and Fig. 5 apparently shows a single glow peak at 152 °C, 

and a small hump at 258 °C. But after deconvolution it is observed that, the TL glow curves show 

four peaks at 149, 162, 206, 259 °C for gamma irradiated nanophosphor and at 150, 166, 204, 259 

°C for electron irradiated nanophosphor, respectively. It could be observed from the activation 

energy values (Table 2) that there is existence of discrete deep and shallow trap levels spread over 

the range from 0.75 to 1.24 eV. In case of microcrystalline material there is less spread (narrow 

range) of trap levels [7, 9, 17, 18]. This could be attributed to the widening of the band gap due to 

decrease in particle size and its effect on the reorganization of the local energy levels of the 

impurity(ies) responsible for formation of traps levels accordingly in nanocrystalline materials [7, 

9, 17]. It could be observed from the data of Table 2 that there is not much change in the trapping 

parameters (viz. peak temperatures, activation energies and frequency factors) of the gamma and 

electron irradiated materials. This is quite understandable from the fact that both kinds of radiations 

are not densely ionizing, the local energy levels of the impurity ions remain the same in both the 

cases and the traps are generated not only by the incident ionizing but the secondary radiations 

also. 

 

 

3.5. TL Response curve 
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Fig. 9(a) shows the TL response plot (TL peak intensity vs dose) of the K2Ca2(SO4)3:Eu 

nanophosphor irradiated with 60Co gamma rays. It is observed from the Fig. 9(a) that the TL peak 

intensity increases linearly with the dose of the gamma rays from 0.1 Gy to 1.0 kGy and then it 

saturates. The TL response plot (TL peak intensity vs electron fluence) of K2Ca2(SO4)3:Eu 

nanophosphor irradiated with 6 MeV electrons is shown in Fig. 9(b). It is linear over the fluence 

range from 2.5×1011 e/cm2 to 2.5×1012 e/cm2 and beyond 2.5×1012 e/cm2 fluence, the saturation 

effect is observed. There is early saturation for electron irradiation compared to gamma radiation. 

The possible reason is that, in both the cases (gamma rays and electron beam irradiation) the 

radiations interacts with the materials (matter) and deposit energy directly as well as indirectly, i. 

e., it goes through majorly three process photoelectric effect, Compton effect and pair production 

(not possible here due to energy limitations). The secondary radiations generated (inside the host) 

via these processes then further deposit the energy in phosphor which is stored. However, the 

difference in saturation doses (1.0 kGy for gamma rays and 2.5×1012 e/cm2 fluence corresponding 

to 775 Gy, determined using ESTAR code) may be attributed to the difference in their energies 

and/or the kinds of radiations (one is electromagnetic while the other one charged particles) [41]. 

 

Generally, microcrystalline phosphors show linearity up to 100 Gy dose and nanophosphors have 

extended linear dose response up to 10 kGy, depending upon the size of nanoparticles [7, 9, 12, 

17, 18]. The linear behavior of TL response curve can be explained on the basis of Unified 

Interaction Model (UNIM) [42, 43] which was developed to simulate thermoluminescence 

linear/supralinear dose response and the dependence of the linearity on ionization-density. It has 

now been proved that the luminescent material consists of atomically localized trapping centers 

(TCs)/luminescence centers (LCs). At low doses, recombination occurs within the trapping centre 

and as the dose increases trapping centers are increasingly populated thereby leading to increased 

luminescent efficiency which gives rise a linear dose response. At very high doses, more and more 

tracks are produced which get overlapped on each other that may not give extra TL intensity and 

thus lead to saturation. In the case of nanophosphor, tiny size of particles missed at low doses, 

become targeted at high doses and now generate trapping centers (TCs)/luminescence centers 

(LCs) [12, 16]. The set of analyses confirmed that the nanophosphors show TL response over a 

wide range/higher doses. 
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When the radiation passing through the material some energy from the radiation is absorbed, used 

for ionization and stored inside in the form of traps. The length of the track is very short and limited 

to the size in case of nanoparticles. Some of the radiations might be missing the nanoparticles due 

its tiny size at low doses. Moreover, as mentioned earlier, the traps are generated not only by the 

incident radiation but also by the secondary radiations generated due to interactions. In case of 

microcrystalline particles on the other hand the track lengths would be much longer as they pass 

through a much larger volume. The tracks near the surface may also not yield TL as most of them 

may be nonradiative. Thus, the TL yield would be more for microcrystalline material than its 

nanoform. However, at high-doses more and more tracks would be formed generating a greater 

number of traps/LCs. Thus, the tracks would be more overlapping in microcrystalline particles. 

This would be leading to early saturation in case of microcrystalline TLD phosphors while in 

nanoparticles they would still be increasing giving rise to wider dose ranges than the 

microcrystalline particles/material. This has also been observed here as the saturation for 

K2Ca2(SO4)3:Eu nanophosphor could be seen at around 1.0 kGy. 

 

For dosimetric purposes, a thermoluminescent phosphor is expected to show a relatively simple 

glow curve (no interfering glow peaks), dosimetric peak is at higher temperature (as it shows lesser 

fading), high TL sensitivity, long term stability of the stored information at room temperature 

(namely low fading); good linearity of the TL signal in the specific useful range of radiation dose. 

The present K2Ca2(SO4)3:Eu nanophosphor has a single glow peak at 152 °C and has negligible 

fading (around 10%) over the period of 2 months with no shielding from the ambient 

environmental conditions. It has high sensitivity compared to other nanophosphors and very linear 

response over a wide range of exposures, i.e. up to 1.0 kGy. Thus, considering above facts, the 

presented K2Ca2(SO4)3:Eu nanophosphor could find its application in radiation dosimetry for high 

dose measurements. This is important in food preservation and cancer therapy where high doses 

are required. 

 

 

3.6. Correlation between electron fluence and gamma dose  

The dose (D) in the material by the electron energy deposition is calculated using the formula, 
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𝐷(𝐺𝑦) = 1.602 × 10−10 × 1
ρ
𝑑𝐸𝑑𝑥 (𝑀𝑒𝑉𝑐𝑚2𝑔𝑚−1) × 𝑛   (1) 

 

where, n is the particle fluence (cm−2), ρ is the density of the irradiated material (g-cm−3), and 

dE/dx is the main energy loss calculated using the ESTAR code [44]. The doses for different 

electron fluences are shown below in Table 3. 

It is observed that, there will not be any change in the nature of the electron fluence/equivalent 

dose response curve as Eqn. 1 is a linear relation. The sensitivity of the material to the two different 

kinds of radiations cannot be compared qualitatively due to their different natures and interactions 

with the target material. Considering the fact, if these results are compared for both radiations, it 

is concluded that the material is more sensitive for 6 MeV electron beam than gamma rays. So, if 

it is more sensitive it would also saturate early. Along with the saturation behavior, the sensitivity 

of the material is also an important parameter for the measurements of low doses. 

 

3.7. Fading 

The K2Ca2(SO4)3:Eu nanophosphor was tested for its fading. Several pellets of the phosphor 

material having equal masses were irradiated to 100 Gy dose of γ-rays from 60Co source, stored in 

dark at ambient condition and TL was taken after 1, 10, 25, 50 days after irradiation. Fig. 10 shows 

the fading curve of the K2Ca2(SO4)3:Eu nanophosphor. In Fig. 10 total area (normalized) under the 

TL curves was taken. The total observed fading was ~3% in 1 day, ~6% in 10 days, ~8% in 25 

days, ~10% in 50 days. Similar fading results were observed for electron irradiated 

K2Ca2(SO4)3:Eu nanophosphor. 

 

 

 

3.8. Minimum Detectable Dose 

The minimum detectable dose of K2Ca2(SO4)3:Eu nanophosphor was determined. For the 

measurement of minimum detectable dose, background reading of 10 unirradiated samples 

(weighing 10 mg each) was taken to determine standard deviation (σ) of the background signal. 
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The 10 samples (weighing 10 mg each) of K2Ca2(SO4)3:Eu nanophosphor were exposed to 0.1 Gy 

of gamma dose. The mean TL output (counts) of 10 samples was determined. The minimum 

detectable dose (MDD) was calculated by using the formula 

𝑀𝐷𝐷 = 3𝜎 × 𝐷𝑜𝑠𝑒𝐶𝑜𝑢𝑛𝑡𝑠  

The calculated minimum detectable dose for K2Ca2(SO4)3:Eu nanophosphor was found to be 

~1.0 mGy. 

 

3.9. Photoluminescence 

PL excitation and emission spectra of the unirradiated K2Ca2(SO4)3:Eu nanorods are shown 

in Fig. 11. When the materials were excited by 320 nm, single emission bands are observed at 388 

nm, which can be assigned to the transitions between the lowest band of the 4f65d configuration 

and the ground state 8S7/2 of the 4f7 configuration of Eu2+ ion. The excitation spectra of these 

samples at λem= 388 nm show two major bands at 320 and 271 nm [8]. These results are different 

from those of K2Ca2(SO4)3:Eu microcrystalline samples. The emission spectrum for the 

microcrystalline samples have a broadband at 436 nm; while the excitation spectrum shows a 

major single band at 320 nm as reported earlier by Dhopte et. al. [21]. The wide blue shift observed 

in the emission bands of the present nanomaterials (i.e., 436 → 388 nm) agrees with the general 

trend on decreasing the particle size to nanoscale, which normally shows widening in the band gap 

and shifting/splitting in the energy levels [45, 46]. The very tiny size of the K2Ca2(SO4)3:Eu 

nanorods [Fig. 2] is expected to reduce the crystal field affects, resulting in widening of the band 

gap of Eu2+. Moreover, the appearance of a new excitation band at 271 nm might also be ascribed 

to the same reason. 

 

Fig. 12(a) shows PL emission spectra of K2Ca2(SO4)3:Eu nanomaterial irradiated at different 

electron fluences from 2.5×1011 e/cm2 to 5×1013 e/cm2 at excitation wavelength of 320 nm. Fig. 

12(b) shows PL peak intensity of K2Ca2(SO4)3:Eu nanomaterials as a function of  electron beam 

fluence. The PL peak intensity goes on increasing with electron fluence up to the 5×1012 e/cm2. 

This may be due the increase in the electron trapping centers with the electron fluence. Further the 

PL peak intensity decreases with increase in the electron fluence. This may be attributed to 
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irradiation-induced amorphization as a result of cascade quenching. Similar results on decreasing 

the PL intensity with increasing ions fluences were also observed by Nagabhushana et. al. [47]. 

They have attributed this effect to the induced amorphization due to the use of energetic ions for 

irradiation and to the restructuring of the surface chemical species because of the energy deposited 

through electronic loss during the process of swift heavy ion irradiation and, formation of ion 

induced defects leading to nonradiative recombination centers. Similar results were also observed 

by A. Choubey et.al. [48] where they have attributed the decrease in the PL intensity of emission 

peak after ion irradiation to higher concentration of defects that generates nonradiative states 

within the forbidden gap. 

 

3.10. Electronic structures 

The structure and electronic properties of the K2Ca2(SO4)3:Eu which dictates its luminescence 

properties were obtained from first-principles DFT calculations. The cubic crystal structure 

containing 76 atoms (8 K, 8 Ca, 12 S, and 48 O) was employed for the K2Ca2(SO4)3 material (Fig. 

13a). By substituting Eu atom at either Ca (Eu@Ca-site, Fig. 13b) or K (Eu@K-site, Fig. 13c) sites 

resulted in the formation of K2Ca2(SO4)3:Eu. The fully optimized lattice a parameter of the pure 

cubic K2Ca2(SO4)3 is predicted at a = 10.545 Å, compared to 10.569 Å and 10.445 Å for Eu 

substitution at Ca and K sites, respectively. The results indicate that Eu substitution at Ca site 

induces small expansion in the lattice, whereas substitution are K site resulted in small contraction 

of the lattice. This is consistent with the larger ionic radius of Eu2+ (1.31 Å) than Ca2+ (1.14 Å) but 

smaller than K+ (1.52 Å).  

The electronic projected density of states of the pure and Eu-doped K2Ca2(SO4)3 are shown in Fig. 

14 (a-c). The band gap of the pure K2Ca2(SO4)3 is predicted to be 5.17 eV. An analysis of the 

electronic structure of the pure K2Ca2(SO4)3 (Fig. 14a) reveal that the top of the valence band is 

mainly composed of O-p orbitals in K2Ca2(SO4)3 whereas the bottom of the conduction band is 

mainly composed of Ca-d orbitals. Therefore, the optical response at the bottom of conduction 

bands is mainly related to the O-p → Ca-d charge transfer. Compared to the pure K2Ca2(SO4)3, we 

observed a shift in the valence maximum to energy level close -5.0 eV for Eu substitution at Ca 

(Fig. 14b) or K (Fig. 14c) sites. It is also worth noting that in the K2Ca2(SO4)3:Eu materials, the 

Fermi level (EF) shift closer to the bottom of the conduction band indicating the formation of n-
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type insulators (with the added Eu impurities acting as donors, i. e., they give additional electrons 

to the system). The state donor states appear in the band gap near Fermi level of the 

K2Ca2(SO4)3:Eu, and they could act shallow trapping sites for excited electron from the valence 

band. Consistent with the introduced Eu d and f states near the conduction, emissions in the 

K2Ca2(SO4)3:Eu materials can be assigned to transitions between the lowest band of the Eu-4f and 

Eu-5d configuration. As the valence is remained composed mainly of O-p states Eu-doped 

K2Ca2(SO4)3:Eu material, the luminescence characteristics and the optical response and at the 

bottom of conduction bands can be attributed to O-p→Eu-f→Eu-d→Ca-d charge transfers. The 

energy separation of over 3.18 eV between the peaks of the Eu-4f orbitals and the Ca-3d, O-2p-

orbitals is consistent with the experimentally observed emission wavelength of 388 nm. The 

corresponding band structures of the pure and Eu-doped K2Ca2(SO4)3are shown in Fig. 14 (d-f). 

An analysis of the band structure reveals that the pure K2Ca2(SO4)3 exhibits the characteristic of 

direct band transition at the Γ high-symmetry point of the Brillouin zone. The appearance donor 

states near the conduction are clearly evident.   

 

6. CONCLUSION 

In this work detailed studies on effect of irradiation of K2Ca2(SO4)3:Eu nanorods by gamma 

and electrons are carried out in order to understand the TL behavior of this phosphor in its 

nanostructure form at a very wide range of doses/fluences. Taken together, studies implicate that 

the studied nanomaterial systems show a very wide linear TL response curves to gamma and 

electrons, significantly superior to the corresponding microcrystalline materials. The TL glow 

curves are deconvoluted by CGCD method and trapping parameters are determined. It is observed 

that there is not much change in the trapping parameters of the gamma and electron irradiated 

materials. The exact peak positions and the number of glow peaks are confirmed by thermal 

cleaning method. The PL studies showed a wide blue shift of about 46 nm in the emission bands 

for the nanomaterials compared to micromaterials in addition to the appearance of a new excitation 

band at 271 nm. This change has been attributed to the extension of the band gap of Eu2+ dopant. 

First-principles analysis of the electronic structures of the pristine K2Ca2(SO4)3 and doped 

K2Ca2(SO4)3:Eu materials show that they are large band gap insulators. Eu substitution at Ca or K 

sites is demonstrated to result in the formation of n-type insulators in which the Eu donate 

additional electrons to the system. The luminescence behavior of K2Ca2(SO4)3:Eu phosphor can 
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be attributed to the charge transitions near the absorption edge from O-p→Ca-d orbitals in 

K2Ca2(SO4)3 and through O-p→Eu-d→Ca-d orbitals in K2Ca2(SO4)3:Eu. Therefore, 

K2Ca2(SO4)3:Eu nanophosphor is useful for measurement of high-doses of gamma and electrons. 

Especially, for certain high dose irradiation applications, such as, food preservation. 

K2Ca2(SO4)3:Eu nanophosphor might be employed as an effective TL detector for gamma and 

electron irradiation. 
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Figure Captions: 

 
Fig. 1. X-ray diffraction spectra of nanocrytstalline K2Ca2(SO4)3: Eu. 
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Fig. 2. (a) TEM image and (b) SAED pattern of K2Ca2(SO4)3: Eu nanorods. 

 

Fig. 3. A typical EDS pattern of the K2Ca2(SO4)3:Eu nanophosphor. 

 

Fig. 4. TL glow curves of K2Ca2(SO4)3:Eu nanophosphor exposed to different doses of 60Co 

gamma source. The ordinate is to be multiplied by the numbers at the curves to get the relative 

intensities. 

 

Fig. 5. TL glow curves of K2Ca2(SO4)3:Eu nanophosphor irradiated by 6 MeV electrons at 

different fluences. The ordinate is to be multiplied by the numbers at the curves to get the relative 

intensities. 

 

Fig. 6. A typical Tm–Tstop plot for the K2Ca2(SO4)3:Eu nanophosphor exposed to 1 kGy of gamma 

dose from 60Co source. In the staircase kind of curve the Tm corresponding to the stairs 

(horizontally flat portions of the curve) are the respective maximum peak temperatures.   

 

Fig. 7. Comparison between the experimental (--o--) and the theoretically (—) fitted TL glow 

curves of K2Ca2(SO4)3:Eu nanophosphor exposed to 10 kGy of gamma dose from 60Co source. 

Deconvoluted glow curves a, b, c and d are also shown.  

 

Fig. 8. Comparison between the experimental (--o--) and the theoretically (—) fitted TL glow 

curves of K2Ca2(SO4)3:Eu nanophosphor irradiated with 5 × 1013 e/cm2 electron fluence of 6 MeV 

electron beam from the Rack Track Microtron. Deconvoluted glow curves a, b, c and d are also 

shown.  

 

Fig. 9. TL Response curve of K2Ca2(SO4)3:Eu nanophosphor exposed to (a) different doses of 60Co 

gamma source, and (b) different fluences of electron  irradiation.  

Fig. 10. Fading curve of the K2Ca2(SO4)3:Eu nanophosphor. 

 

Fig. 11. Photoluminescence excitation and emission spectra of unirradiated K2Ca2(SO4)3:Eu  

nanophosphor sample. 
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Fig. 12. (a) Photoluminescence emission spectra of electron irradiated K2Ca2(SO4)3:Eu  

nanocrystalline sample at excitation 320 nm and (b) PL intensity of 6 MeV electron beam 

irradiated K2Ca2(SO4)3:Eu nanophosphor as a function of electron beam fluence. 

 

Fig. 13. The optimized structures (a) pure K2Ca2(SO4)3, (b) Eu substitution at Ca site (Eu@Ca-

site), and (c) Eu substitution at K site (Eu@K-site). Colour code: K=purple; Ca=cyan; S=yellow; 

O=red, and Eu=green. 

 

Fig. 14. The projected density of states of (a) pure K2Ca2(SO4)3, (b) Eu substitution at Ca site 

(Eu@Ca-site), and (c) Eu substitution at K site (Eu@K-site). The corresponding calculated band 

structure are shown in (d-f).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Fig. 8. 
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Fig. 9. 
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Fig. 10. 
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Fig. 11. 
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Fig. 12. 
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Fig. 13. 



35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. 
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Table 1 The wt % and atomic % of the elements present in K2Ca2(SO4)3:Eu nanophosphor. 
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Elements Atomic% Weight% (mass%) 

O 87.80 74.20 

S 0.56 0.95 

K 1.26 2.60 

Ca 10.34 21.89 

Eu 0.05 0.36 

Total 100 100 

 

 

Table 2: Trapping parameters of K2Ca2(SO4)3:Eu nanophosphor irradiated by 10 kGy gamma dose 

and 5 × 1013 e/cm2 electron fluence. All the deconvoluted peaks are fitted by first order kinetics 

(i.e., by considering b = 1).  

Irradiated with Peak Peak Temp. 

Tm (°C) 

Peak Temp. 

Tm (K) 

Trap Depth 

E (eV) 

Frequency factor 

S (s-1) 
FOM 

10 kGy 

Gamma dose 

 

a 149 422 0.9955 2.66 × 1011 

1.87% 
b 162 435 1.0282 2.73 × 1011 

c 206 479 1.2418 3.88 × 1012 

d 259 532 0.7428 1.72 × 106 

5 × 1013 e/cm2 

Electron Fluence 

 

a 150 423 0.9726 1.29 × 1011 

1.92% 
b 166 439 1.0794 8.50 × 1011 

c 204 477 1.2289 3.21 × 1012 

d 259 532 0.7450 1.81 × 106 

 

 

 

 

 

 

Table 3: Electron fluences and corresponding calculated doses. 
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Electron fluence (n) 

(e/cm2) 

Dose calculated from ESTAR code (D) 

(Gy) 

2.5 × 1011 72.5 

5 × 1011 145 

1 × 1012 290 

2.5 × 1012 725 

5 × 1012 1450 

2.5 × 1013 7250 

5 × 1013 14500 

 

 


