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Abstract 

It is well known that UV radiation can induce certain deleterious effects, such as 

erythema, painful inflammation of the membrane of the eye and skin cancer. Therefore, 

it has been pushing the research for producing new and high performance UV sensitive 

TL materials. There is an increasing interest in the development of new TL materials for 

ultraviolet (UV) dosimetry purposes, owing to simplicity of the sample readout 

compared to other techniques. In this paper, thermoluminescence and dosimetric 

characteristics of pure and carbon doped lanthanum aluminate and hydroxide 

lanthanum crystals, irradiated with different UV doses, were studied and 

discussed. All samples studied were produced by solid state reaction method with 

different mixing methodologies. Characterization of sintered powders by X ray 

diffraction, UV-Vis spectrophotometry and FTIR spectroscopy were performed. 

XRD data confirmed the LaAlO3 and La(OH)3 crystaline phases. The 

thermoluminescent study revealed that all compositions presented high UV 

sensibility. The sample which was grown by first sintering La2O3 together carbon 

atoms and then sintering again in order to obtain La2O3:C together Al2O3, 

presented the best linear dose response over UV doses ranging from 0.042 to 0,63 

mJ/cm
2
, with correlation coefficients equal to 0.99931. The synthesis 

methodology used was very efficient to obtain crystals with high TL output 

intensities for low exposure rate UVR fields. 
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1 - INTRODUCTION 

 

The thermoluminescence (TL) effect has been suggested for the evaluation of ionizing 

radiation doses since 1953 (Daniels 1953). A considerable number of various chemical 

compositions have been investigated since then in order to find the explanation of 

mechanisms for this effect and to discover promising TL phosphors for different dosimetry 

purposes. In TL materials, energy from radiation is stored in their crystal lattice by trapping 

free electrons and holes released from valence band. The electron and hole traps are due to 

intrinsic or intentionally added lattice defects in the material (Colyott 1997). Normally, 

thermoluminescence is obtained by doping ionic crystals with impure atoms, which in turn 

behave as electronic traps. 

The main goal of dosimetric devices is to determine the quantity of energy per unit mass of 

material (dose) that has been absorbed during the irradiation, thereby leading to applications 

such as personal and environmental dosimetry, diagnostic imaging and computed 

radiography (Larsen 1999). Till date thermoluminescence dosimeters (TLD) based on alkali 

fluorides and alkaline-earth fluorides, in particular, doped with rare earth ions, e.g. CaF2:Dy
3+

 

(TLD-200) and CaF2:Tm
3+

 (TLD-300), are extensively utilized for dosimetry of ionizing 

radiation. However, the LiF:Mg,Ti (TLD-100) and α-Al2O3:C are the most widely used TL 

dosimeters commercially available nowadays. 

UV radiation can induce certain deleterious effects, such as erythema, painful inflammation 

of the membrane of the eye and skin cancer (Okuno 1996). Therefore, there is a push for new 

and high-performance radiometers, for direct dose evaluation, and also TL-based dosimeters 

for post-exposure dose evaluation. ZrO2 + PTFE (TL dosimeter) and α-Al2O3:C (PTTL 

dosimeter) are among the best TL materials ever discovered for UV dosimetry (Colyott 1997; 

Rivera, Azorı et al. 2004).  

The first investigations concerned to the TL properties of LaAlO3 crystals doped with 

optically active rare earth ions applied to UV radiation dosimetry was reported by  (Oliveira, 

Khaidukov et al. 2011). The investigation revealed that LaAlO3:Ce,Dy crystals present high 
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TL output for UV radiation fields, comparable to the TL output of the best dosimeters ever 

reported in literature, i.e. Al2O3:C and ZrO2 crystals. Other research works revealed that pure 

and carbon doped LaAlO3 crystals present good TL properties induced by UV radiation 

(Alves, Ferraz et al. 2014). On the other hand, lanthanum oxide (La2O3) was suggested as a 

new ultraviolet radiation dosimeter for the first time in 2010. It presented very closely some 

of the ideal criteria for a TL dosimetric material (Soliman and Hussein 2010).  

In the present study we investigated the TL properties of LaAlO3/La(OH)3 crystals by 

exploring four different mixing methodologies to produce pure and carbon doped crystals. 

The crystals were grown by solid state reaction method under high reducing atmosphere. 

Particularly, we were interested in producing LaAlO3:C crystals by two different ways: in a 

first route, Al2O3 powder plus carbon atoms were sintered together at high temperature and 

then mixed with La2O3 powder. In a second route, La2O3:C powder were sintered at high 

temperature and then mixed with Al2O3 powder.  

We have sintered stoichiometric amounts of alpha-Al2O3, La2O3 and 0.1 wt% of carbon 

atoms by the solid state method, in order to obtain polycrystalline LaAlO3:C powder. The 

material showed very high TL output and linear response for UV spectral irradiance ranging 

from 0.042 to 1.26 mJ.cm
-2

.     

The purpose of this work is to determine what sintering route produces the better TL 

responses for undoped and carbon doped LaAlO3 /La(OH)3 crystals, after exposure to UV 

fields. On the other hand, in order to improve the understanding of the whole of carbon atoms 

in the TL process, detailed kinetics study of trapping parameters of TL glow peaks is also 

discussed. 
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2.- MATERIALS AND METHODS 

 

The mixing Lanthanum aluminate and hydroxide lanthanum polycristals (LaAlO3/ La(OH)3) 

were synthesized by solid state reaction method by stoichiometric amounts of Al2O3 (Vetec, 

99.99%) and La2O3 (Alfa, 99.98%). The powders were weighed and then manually grinded in 

agate mortar with 0.1 wt. % of carbon atoms. In order to investigate the influence of the 

mixing methodology on the TL output of carbon doped LaAlO3 crystals, samples were 

produced using four different combinations of aluminum oxide (Al2O3), lanthanum oxide 

(La2O3) and carbon (C) atoms on the synthesis process. At the end of the synthesis stage all 

samples were annealed at 950 °C for 30 minutes in order to thermally empty the electron 

traps, i.e. to remove captured charge carriers from trap centers. The schematic diagrams 

illustrating the mixing and sintering procedures by different mixing methodology are shown 

on the diagrams in Figure 1 and their denomination are according to Table 1 below.  

 

Table 1. – Sample denomination  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Samples obtained              Methodology 

A Al2O3 : Carbon + La2O3 

B Al2O3 +La2O3 

C La2O3:Carbon + Al2O3 

D  La2O3 + Al2O3 
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Figure 1:  Schematic diagrams illustrating the mixing and sintering procedures used to 

produce the four samples. From (A) to (D) are corresponding to table 1, respectively. 
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In order to confirm the formation of the crystalline phase, all samples were analyzed using 

Regaku D/Max Última  X-ray diffractometer with CuKα radiation (λ = 1.54 Ǻ) for 2 theta 

ranging from 4° to 80°. The scanning rate was set to 0.02 °/s.  

The UV irradiation was performed using a commercial 8W UV fluorescent lamp. The spectral 

irradiance at the lamp surface was 2.98mJ cm
-2

, measured using a calibrated radiometer 

UVX100 E-22476 with a 254 nm sensor. 

 The UV-Vis absorption spectra of carbon doped LaAlO3/La(OH)3 was measured using a 

SHIMADZU spectrophotometer model UV–2401pc in the 190 - 900nm wavelength range. 

All measurements were performed at room temperature.  

The FTIR spectra were collected by using a Bomen 100 spectrometer and the readout was 

performed with spectral resolution of 4 cm
-1

 and 32 scans, for wavenumbers ranging from 200 

to 4000 cm
-1

. The powder samples were pressed with KBr to be analyzed. 

Thermoluminescent measurements were performed using the RISO TL/OSL DA20TL reader, 

with a heating rate of 10 °C/s. The TL signal was integrated until 300 °C.  

 

 

 

3.- RESULTS 

 

The schematic diagrams illustrating the mixing and sintering procedures are shown in Fig. 1. 

The first methodology used is presented in Fig. 1(a) where aluminum oxide and 0.1 wt.% of 

graphite were grounding in an agate mortar and then sintered under hydrogen atmosphere at 

1770 °C for 2 hours. The resulting powder was reground with stoichiometric amounts of 

La2O3 and sintered for 2 hours at 1770 °C. The second methodology is shown in Fig. 1(b) 

where Al2O3 was grounded and sintered for 2 hs at 1770 °C. The resulting powder was 

reground with La2O3 and sintered for 2 hours at 1770 °C. The third methodology is shown in 

Fig. 1(c) where La2O3 was mixed with 0.1 wt.%  of carbon and sintered at the same 
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conditions described above. The resulting powder was reground with Al2O3 and sintered 

again. The fourth methodology is shown in Fig. 1(d) where La2O3 was grounded and sintered 

at the same conditions above. The resulting powder was reground with Al2O3 and sintered 

again. Both samples (b) and (c) don’t have any carbon atoms. Actually, they were produced 

for comparison purposes with carbon doped samples. The samples obtained using the 

methodology depicted on the above diagrams (Figure 1) were denominated according to 

Table 1.   

After the synthesis process, X-ray diffraction analysis were performed to all samples 

investigated. The respective diffractograms are shown in Figures 2 and 3. The XRD patterns 

for sample A (black line, upper) and sample B (red line, bottom) are shown in Figure 2. Also 

in this Figure, the peaks identified with black square are assigned to the rhombohedral 

crystallographic phase of LaAlO3 (JCPDS 31-0022) and those identified with empty square 

are assigned to the lanthanum hydroxide phase (JCPDS 36-1481). 

The XRD patterns for sample C (black line, upper) and sample D (red line, bottom) are shown 

in Fig. 3, together with the identified peaks assigned to LaAlO3 (black square) and La(OH)3 

(empty squares).  

The amount of LaAlO3 and La(OH)3 was in the range of 35 - 43% and 57- 65 %, respectively, 

as seen in Table 2. These results were considered unexpected ones because stoichiometric 

amounts of lanthanum oxide and aluminum oxide were used to the reaction. Except for 

LaAlO3 and La(OH)3, we observed no peak shifting and, also, the presence of a second phase 

for samples produced by the four different mixture was not observed. 
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Figure 2: XRD patterns for sample A (black line) and B (red line). (■) assigned to 

rhombohedral phase Lanthanum aluminate (LaAlO3) and (□) for lanthanum hydroxide 

(La(OH)3).   

 

 

Figure 3: XRD patterns for sample C (black line) and D (red line). (■) assigned to 

rhombohedral phase Lanthanum aluminate (LaAlO3) and (□) for lanthanum hydroxide 

(La(OH)3). 
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Table 2: Percentage of each material observed in XRD patterns  

 

The UV-Vis absorption spectra were collected and the spectrograms plotted in Fig. 4, for 

samples A and B, and in Fig. 5 for samples C and D. Strong absorption bands, for 

wavelengths ranging from 190 to 220 nm, have been observed for all samples. These 

absorption peaks are assigned to the F center formation. Interestingly, a more intense 

absorption band, centered around 230 nm, is observed only for carbon doped samples. Finally, 

it is possible to see a wide absorption around 270 nm that has lower intensity, which is 

commonly assigned to F
+
 centers.   

The growing of a crystalline material in reducing atmosphere is performed in order to induce 

a large concentration of oxygen vacancies inside the crystal lattice. When these vacancies are 

occupied by strange atoms in the crystalline structure, some of them may create electronic 

trappers. At this point, they are directly related to the thermoluminescence sensitivity 

(Stephen W. S. McKeever 1995). It is well known that oxygen vacancies may form F
+
 centers 

in Al2O3 crystals when the doping with carbon atoms is done during the crystal growth, in 

highly reducing atmosphere. This is assigned, in literature, to the charge compensation of 

divalent carbon ions substituting trivalent Al
3+

-ions (McKeever, Akselrod et al. 1999). 

Samples Assigned phases 
Percentage 

% 

JCPDS 

Card N. 

 

A 

LaAlO3 

La(OH)3 

42,7 

57,3 

31-0022 

36-1481 

 

B 

LaAlO3 

La(OH)3 

35,1 

64,9 

31-0022 

36-1481 

 

C 

LaAlO3 

La(OH)3 

42,9 

57,1 

31-0022 

36-1481 

D 
LaAlO3 

La(OH)3 

36,4 

63,6 

31-0022 

36-1481 
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Occupancy of an oxygen vacancy by two electrons gives rise to a neutral F center, whereas 

occupancy by one electron forms a positively charged center, with respect to the lattice (F
+
 

center). F and F
+
 centers are known to play a key role in the high luminescent output of 

Al2O3. It was found that an increase in the concentration of F
+
 centers in Al2O3:C causes 

significant increase in OSL and TL sensitivity (Yukihara 2011.). 

 

 

Figure 4: UV-Vis  absorption spectra of unirradiated samples A (blue line) and B (green line) 

indicating the absorption bands attributed to F and F
+
 centers.  

 

FTIR spectra to all samples, for wavenumbers ranging from 400 to 4000 cm
-1

, are shown in 

Fig. 6. In these spectra, it is possible to observe specific absorption bands centered at 458, 

660 and 3609 cm
-1

. The last one is a stronger band which is indicative of the presence of 

La(OH)3 (Schrader 2008; Gangwar, Palakollu et al. 2014). The two others bands are assigned 

to AlO6 octahedra in LaAlO3 (Schrader 2008; Salavati-Niasari, Hosseinzadeh et al. 2011). 

Carbonate products are attributed to the small peaks centered at 1388, 1477, and 1630cm
-1

, 

and are associated to La2O2CO3 (Gangwar, Palakollu et al. 2014). This bulk carbonate phase 

appears because of reaction with a gas phase CO2 is also possible at the sample surface 

(Fleming, Farrell et al. 2010). 
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Figure 5: UV-Vis  absorption spectra of unirradiated samples C (black line) and D(red line) 

indicating the absorption bands attributed to F and F
+
 centers.  

 

 

Figure 6: FTIR spectra for samples A(blue line), B(green line), C(black line) and D(red line). 
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Lanthanum oxide (La2O3) is highly hygroscopic and rapidly converts to lanthanum hydroxide 

(La(OH)3) when at moist atmosphere, as observed by Neumann and Walter (2006) and 

Fleming et al. (2010). They conclud that after 24 hours La2O3 is totaly converted to La(OH)3 

(Neumann and Walter 2006; Qiuying, Ting et al. 2009; Fleming, Farrell et al. 2010). The 

reaction is presented below: 

 

                                       La2O3 + 3H2O                2La(OH)3                                                       (1) 

 

The thermoluminescence properties of lanthanum oxide was studyed by Soliman et al. 

(Soliman and Hussein 2010). They evaluated the sensitivity of thermoluminescence detectors 

based on commercial lanthanum oxide (La2O3) for beta, gamma, and UV radiation. La2O3 is 

considered a promising phosphor for the detection of UV fields and is sugested to application 

in ultraviolet dosimetry. According to Fleming et al. (2010), it is probable that the lantanum 

oxide used by Soliman is actually a lanthanum hidroxide. In this context, the TL curves 

shown in that paper represent a sum of individual LaAlO3 and La(OH)3 TL peaks. 

 

3.1.- Thermoluminescent analysis 

As reported to Al2O3 by Larsen A. (1999), before performing the irradiation and reading 

process, samples should be annealed with a thermal treatment at 950 °C for 30 minutes, in 

order to remove captured charge carriers from trap centers (Larsen 1999). After performing 

this thermal treatment process, the samples were irradiated using a commercial UV 

fluorescent lamp at the range from 0.042 to 1.26 mJ/cm
2
. Thermoluminescence (TL) glow 

curves of pure and carbon doped (0.1 wt.%) mixture of LaAlO3 and La(OH)3 were collected 

by using the RISO TL/OSL DA20TL reader. The glow curves obtained for samples 

synthetized by four different mixing methodologies are shown in Figures 7 to 10. All the TL x 

Temperature curves presented were peak-fitted, by using Gaussian lines, into three individual 

TL peaks centered at 147 °C, 217 °C and 273 °C, respectively. The peak-fitted individual 

peaks and the corresponding sum curve are also displayed in Figures 7 to 10.  
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Figure 7.- TL glow curves of sample A taken after 30 seconds of UV irradiation and three 

individual TL peaks obtained by peak-fitting using Gaussian lines.  TL glow curves collected 

24 hours after UV irradiation. 

 

 

Figure 8.- TL glow curves of sample B taken after 30 seconds of UV irradiation and three 

individual TL peaks obtained by peak-fitting using Gaussian lines.  TL glow curves collected 

24 hours after UV irradiation. 
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Figure 9.- TL glow curves of sample C taken after 30 seconds of UV irradiation and three 

individual TL peaks obtained by peak-fitting using Gaussian lines.  TL glow curves collected 

24 hours after UV irradiation. 

 

 

Figure 10.- TL glow curves of sample D taken after 30 seconds of UV irradiation and three 

individual TL peaks obtained by peak-fitting using Gaussian lines.  TL glow curves collected 

24 hours after UV irradiation. 
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The TL glow curves were collected 24 hours after UV irradiation in order to eliminate one 

peak centered at lowest temperature, i.e. at 90 °C. Its fading is complete at room temperature 

within the first 24 hours after exposure. As it can be seen the main TL glow peak observed 

for all samples was located at 147℃, which was characterized as the principal dosimetric trap 

in these crystals. The other two peaks centered at 217 ℃ and 273 ℃ have been observed only 

for samples A, C and D. Sample B presents only two peaks, located at 147 ℃ and 217 ℃, 

respectively. However, it is possible to observe the influence of the peak centered at 273 ℃ 

after 5 and 15 seconds of UV exposure (Figure 12). Although the shape of the glow curves is 

quite similar, it is possible to observe changes in the relative intensities of the individual 

peaks.  

Thermoluminescence response of any TL material is directly related to the amount of 

absorbed radiation dose. In order to check if there is a linear relationship between TL output 

and the spectral irradiance, all samples were irradiated with the same UV doses ranging from 

0.042 to 1.26 mJ/cm
2
, corresponding to 1-30 seconds. After 40 seconds (1,68mJ/cm

2
) of UV 

radiation, the maximum saturation is achieved. TL glow curve of pure and carbon doped 

LaAlO3 /La(OH)3 crystals irradiated with different doses are shown in Figures 11 to 14.  

 

Figure 11.- TL glow curves of sample A taken after 1 (black curve), 5 (red curve), 15 (green 

curve) and  30 seconds (blue curve)  UV irradiation. 
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Figure 12.- TL glow curves of sample B taken after 1 (black curve), 5 (red curve), 15 (green 

curve) and  30 seconds (blue curve)  UV irradiation. 

 

 

 
Figure 13.- TL glow curves of sample C taken after 1 (black curve), 5 (red curve), 15 (green 

curve) and  30 seconds (blue curve)  UV irradiation. 
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Figure 14.- TL glow curves of sample D taken after 1 (black curve), 5 (red curve), 15 (green 

curve) and  30 seconds (blue curve)  UV irradiation. 

 

As it can be seen, in samples A and C (carbon doped), the shapes of the glow curves in these 

figures remained unchanged regardless of the increased dose. For samples B and D the 

highest temperature peak is missing when irradiating with 30s and 1s of exposure time, 

respectively. This is probably due to the fact that the TL output peak is very smaller than the 

others or because the influence of carbon atoms in those crystalline structures. 

 A material is said to be good TL dosimeter when its response to absorbed dose is linear over 

a wide dose range. TL output intensities are shown in Figure 15, for pure and carbon doped 

samples, plotted as a function of spectral irradiance; selected points in these curves 

correspond to a period of 1, 5, 15 and 30 seconds. The result showed that there was a good 

linear dose response over the dose range from 0.042 to 0.63 seconds, for both samples B and 

C.  
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Figure 15.- TL output intensities in function of UV irradiation time. Sample A (black curve), 

5 (red curve), 15 (green curve) and 30 seconds (blue curve) UV irradiation. 

 

The TL responses of these two samples are shown in Figures 16 and 17. The linear fitting 

provided correlation coefficients equal to 0.99208 and 0.99931 for samples B and C, 

respectively. Thus the best TL response for UV fields was found to sample C.  

 

 

Figure 16.- TL output intensities for sample B between 0.042 - 0.63mJ/cm
2
 and linear fitting 

(red line). Each point corresponds to average of three measurements.  
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Figure 17.- TL output intensities for sample C between 0.042 -0.63mJ/cm
2
, and linear fitting 

(red line).  Each point corresponds to average of three measurements.  

 

 

4.- DISCUSSION 

The purpose of growing a crystalline material in reducing atmosphere is to induce a large 

concentration of oxygen vacancies inside the samples. When these vacancies are occupied by 

strange atoms in the crystalline structure, some of them may create electronic trappers. At 

this point, they are directly related with thermoluminescence sensitivity (Stephen W. S. 

McKeever 1995). 

The doping, such as carbon, acts as charge compensation where divalent carbon ion are 

substituting the trivalent Al
3+

-ion (McKeever, Akselrod et al. 1999). Occupancy of an oxygen 

vacancy by two electrons gives rise to a neutral F-center, whereas occupancy by one electron 

forms a positively charged, with respect to the lattice (F
+
 center). F and F

+
-centers are known 

to play a key role in the high luminescent output of Al2O3. It was found that an increase in the 

concentration of F
+ 

centers in Al2O3:C causes significant increase in OSL and TL sensitivity 

(Yukihara 2011.). 
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It is well known that La2O3 is hygroscopic in nature and quickly converts to lanthanum 

hydroxide (La(OH)3) in the moist atmosphere. La2O3 converts back to pure La(OH)3 if left 

open in the atmosphere for 24 hours (Neumann and Walter 2006; Fleming, Farrell et al. 

2010).  

We believe the higher TL output for all of samples are due to the lanthanum hydroxide 

presence. The thermoluminescence properties of lanthanum oxide was studyed for the first 

time  by Soliman et al, 2010. They evaluated the sensitivity of thermoluminescence detectors 

based on commercial lanthanum oxide (La2O3) for beta, gamma, and UV radiation. La2O3 

was considered a promising phosphor for the detection of UV fields and they sugested that it 

could have application in ultraviolet dosimetry (Soliman and Hussein 2010). Taken into 

account the data reported by Fleming et al. 2010, about the hygroscopic characteristics of 

Lanthanum oxide and its rapidly convertion to La(OH)3, it seems  probable that the lantanum 

oxide used by Soliman is actually a lanthanum hidroxide. In this context, the TL curves 

shown in this paper represent a sum of individual LaAlO3 and La(OH)3 TL peaks. We remark 

that the material reported here has resulted in a material more sensitive than La2O3 and 

LaAlO3 already reported in the literature (Soliman and Hussein 2010; Alves 2014; Morales-

Hernández, Zarate-Medina et al. 2016). 

The best TL response for UV fields was found to sample C, which was grown by first 

sintering La2O3 together carbon atoms and then sintering again in order to obtain La2O3:C 

together Al2O3, as shown in Figure 1. 

All of the compositions have a huge TL sensitivity to UV photons but, as a matter of fact, we 

couldn’t find a good linearity behavior to the others samples. It could be noted that all 

thermoluminescence glow curves of these crystals depends on many factors such as the 

synthesis pathways, the kind of impurities and the heating rate. It is clear in this study that 

carbon atoms are the key factor that influences the thermoluminescence properties on the 

mixture.  
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5.- CONCLUSIONS 

In this paper, thermoluminescence and dosimetric characteristics of pure and carbon doped 

lanthanum aluminate and hydroxide lanthanum crystals, irradiated with different UV doses, 

were studied and discussed. All samples studied were produced by solid state reaction method 

with different mixing methodologies. Characterization of sintered powders by X ray 

diffraction, UV-Vis spectrophotometry and FTIR spectroscopy were performed. XRD data 

confirmed the LaAlO3 and La(OH)3 crystaline phases. The thermoluminescent study revealed 

that all compositions presented high UV sensibility. The sample C, which was grown by first 

sintering La2O3 together carbon atoms and then sintering again in order to obtain La2O3:C 

together Al2O3, presented the best linear dose response over UV doses ranging from 0.21 to 

0,63 mJ/cm
2
, with correlation coefficients equal to 0.99931. The synthesis methodology used 

was very efficient to obtain crystals with high TL output intensities for low exposure rate 

UVR fields. We believe that the LaAlO3/La(OH)3 crystals have great potential for application 

in UV dosimetry. 
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