
 

● Radioluminescence from -Al2O3:C,Mg is reported 

● The signal includes bands at 330, 410, 510, 700 and 750 nm  

● The 330 nm is more prominent in annealed samples 

● Both the 330 and 410 nm bands are affected by thermal quenching 
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Abstract  

 

Radioluminescence spectra of Al2O3:C,Mg monitored at temperatures up to 400oC is reported.  

Measurements were made on samples either as received or on ones annealed at 1200oC.  

Radioluminescence is observed at 410 nm for the unannealed sample but principally at 330 and 

410 nm in the annealed sample with the emission at 330 nm dominant.  Both bands are subject 

to thermal quenching but the change for the F+ band is atypical.  Temperature induced effects 

on these and other bands are discussed, as are complementary measurements of 

thermoluminescence spectra.  
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1. Introduction 

 

Aluminium oxide doped with carbon and magnesium (Al2O3:C,Mg) is a sensitive 

luminescent material initially developed for optical data storage (Akselrod et al., 2003) but 

found suitable for neutron dosimetry (Sykora and Akselrod, 2010).  The incorporation of 

carbon in Al2O3, the host, promotes within it a large concentration of electron centres notably 

the F-centre, an oxygen vacancy with two electrons trapped nearby, or alternatively the F+ 

centre, the same point defect but with one trapped electron.  These centres act as sites for 

thermally or optically stimulated luminescence.  Although -Al2O3 has emission bands near 

990, 830, 410, 380 and 330 nm (Agullo-Lopez et al., 1988), the dominant ones in -Al2O3:C 

are near 410 nm and 330 nm.  Emissions near 330 and 410 nm (sometimes reported as 415 or 

420 nm) are well-studied cases and are ascribed to transitions at F and F+ point defects 

(McKeever et al., 1995).   

When α-Al2O3:C is co-doped with Mg, the introduction of Mg in the matrix enhances 

the formation of F+ centres, identified as F+(Mg).  A pair of adjacent F+(Mg)-centres can form 

the F2
2+(2 Mg) aggregate.  If, during ionising irradiation, the latter traps an electron, the F2

+(2 

Mg)-centre results.  Although the utility of Al2O3:C,Mg as a dosimeter is its main draw, the 

interest in this material is not restricted to this as exemplified by studies devoted to dynamics 

of its stimulated luminescence.  For instance, Sykora and Akselrod (2010) noted emission 

bands at 325, 500, 510 and 750 nm using photoluminescence and attributed these to F+(Mg), 

F2, F2
2+(2 Mg) and F2

+(2 Mg) centres respectively.  The thermoluminescence (TL) and 

phototransferred TL of Al2O3:C,Mg have been reported (Kalita and Chithambo, 2017a,b) as 

have spectral features of the TL (Kalita and Chithambo 2018a; Rodriguez et al. 2011; Trinidade 

and Jacobsohn, 2018).  As regards radioluminescence (RL), Rodriguez et al. (2011) noted that 

inclusion of Mg in -Al2O3:C caused new bands at 520 and 750 nm to appear in addition to 

pre-existing ones at 325 and 410 nm.  Trinidade and Jacobsohn (2018) monitored RL at 

several fixed temperatures and concluded that several bands including the 410 nm (3.05 eV) 

one are affected by thermal quenching.  Rodriguez et al. (2011) and Trinidade and Jacobsohn 

(2018) carried out their work on as received samples.  In the discussion that follows, colour 

centres will be cited as F, F+ etc without qualification as, say, F+(Mg) unless otherwise stated.  

We report the effect of measurement and annealing temperature on RL of principally 

the F and F+ emission in unannealed and annealed Al2O3:C,Mg.  Study of the F+ band under 

stimulated emission is in some cases hampered by its transience.  We thus exploit prompt 

emission under RL to avoid this limitation.    Complementary studies by TL spectra are 

included.  The aim of this work is to improve understanding of the dynamics of luminescence 

in Al2O3:C,Mg.   
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2. Experimental details 

Measurements were made on Al2O3:C,Mg crystals of size 8 x 4 x 0.5 mm (Landauer 

Inc., USA).  Samples were used as received or annealed at 1200oC for 15 min owing to 

previous study (Kalita and Chithambo, 2018a) that showed that annealing beyond 700oC causes 

significant change in luminescence features of Al2O3:C,Mg.   RL and complementary TL 

spectra were measured in 1 mbar vacuum either at specific temperatures or during heating at 

10oC min-1 using a high sensitivity spectrometer (Luff and Townsend, 1993) now suitably 

upgraded (Finch et al., 2019).  Samples were irradiated in-situ with X-rays from a Philips 

MCN-101 X-ray tube set at 20 kV/4 mA giving a dose rate of 1.8 Gy min-1.  The luminescence 

detection assembly consists of a combination of two spectrometers capable of recording 

emissions over 250-850 nm.  Grating spectrometers diffract the incoming light onto position 

sensitive imaging detectors. The gratings disperse the signal across the relevant range i.e. 250-

550 nm and 380-850 nm.  All spectral data are corrected for the wavelength response of the 

system.  A 400 nm cut-off filter is inserted in the light path to the 380-850 nm detector to 

remove the second order scattering of lower wavelengths into the first-order spectrum.  

Owing to the high sensitivity of Al2O3:C,Mg, neutral density filters of transmission 1% and 

10% were placed in the light path to the blue and red detectors respectively.   

3. Results and Discussion 

3.1 Thermoluminescence spectra 

3.1.1 Unannealed sample 

Preparatory to RL studies, supplementary TL spectra were recorded.  Figure 1 shows 

the spectrum of the unannealed sample measured from 30 to 400oC immediately after X-ray 

irradiation to 3.6 Gy.  The spectrum shows emission bands at 330 and 410 nm.  The intense 

emission near room temperature is phosphorescence.  This is confirmed in the inset showing 

a similar measurement but with a delay of 600 s between irradiation and measurement during 

which the phosphorescence fades. 

   Since the intense emission at 150oC in Fig. 1 is likely to obscure the appearance of 

other weaker luminescence bands, a measurement tailored to better reveal the latter was made.  

Two spectra were obtained in succession one from 30 to 100oC and the other from 100 to 180oC.  

The sample was irradiated only once to 3.6 Gy before heating to 100oC.  Figure 2 (main graph) 

shows the spectrum for the initial measurement and for the subsequent one (inset).  A glow 

peak at 60oC (corresponding to 410 nm) now appears in addition to the previously observed 

prominent peak at 150oC.  The TL spectra of Al2O3:C,Mg resembles that of Al2O3:C reported 

previously (Chithambo et al., 2015).  Thus the inclusion of Mg within Al2O3:C does not 

significantly alter the TL features of the unannealed host.  
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3.1.2 Al2O3:C,Mg annealed at 1200oC  

In order to properly observe the TL features of the annealed sample, the corresponding 

spectra were measured twice consecutively.  Immediately after irradiation to 0.6 Gy, the 

sample was heated from 30 to 200oC and, after cooling, reheated from 30 to 400oC without 

further irradiation.  This sample was irradiated to only 0.6 Gy to avoid swamping the light 

detectors since it is much more sensitive than the unannealed one (Kalita and Chithambo, 

2018b).  

Figure 3 shows the spectrum of the annealed sample measured from 30 to 200oC and, 

from 30 to 400oC (inset).  The emission is dominated by a band at 330 nm with the one at 415 

nm just discernible.  As earlier, phosphorescence is prevalent immediately after irradiation.  

There are glow peaks at 60 and 155oC corresponding to 330 and 410 nm emissions.  There 

are further weaker peaks near 90oC (main plot) and 210oC (inset) both corresponding to the 

330 nm band.  By comparing Figs. 2 and 3, we note that the prominent emission band changes 

from 410 to 330 nm when the annealing temperature is increased from 20oC (denoting an 

unannealed sample) to 1200oC.  This implies that the combination of annealing and irradiation 

causes an increase in the concentration of F+ centres in a process likely to involve endothermic 

dissociation of F2
2+ aggregates to F+ centres (Kalita and Chithambo, 2018a).  F2

2+ centres are 

linked to emission at 520 nm (Rodriguez et al., 2011) which is absent or indistinct in Fig. 3.   

 

3.2 Radioluminescence spectra 

3.2.1 Spectral features of an unannealed sample 

Figure 4 shows radioluminescence spectra of unannealed Al2O3:C,Mg measured at 

30oC and 200oC (inset).  The main plot shows a prominent band near 420 nm and weaker 

intensity one at about 510 nm.  The measurement at 200oC, where the 420 nm has decreased, 

enables weaker emissions near 330, 510 and about 700 nm to appear.  This result is consistent 

with that from Fig. 2 showing that under both TL and X-ray excited RL the main emission can 

be attributed to F-centres. 

The temperature-resolved measurement of the RL is shown in Fig. 5.  Such a plot is 

also a combination of RL and TL for deeper lying electron traps filled during X-ray irradiation 

as RL is measured but only emptied when the sample is heated to the activation temperature of 

these electron traps.  Figure 5 shows intense emission at ~410 nm between 30 and 120oC.  

The emission goes through a peak at 155oC reflecting the existence of a glow peak here as 

noted earlier for Fig. 2.  The measurement from 200 to 400oC (inset) shows other bands with 

the one at 700 nm clearer.   

The luminescence emitted at 695 nm (noted at 700 nm in Fig. 5) has previously been 

reported in Cr-doped Al2O3 e.g. (Chandler and Townsend, 1979) as well as in Cr-doped beryl 

(Chithambo et al., 1995).  The emission is associated with Cr3+ which substitutes for Al3+.  

The emission comprises a sharp R1 and R2 doublet which is better apparent at low temperature 
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(Chithambo et al., 1995). The emission appears broad since it is a composite of the 2E →4A2 

and 4T2→
4A2 transitions.  Our previous study on the composition heterogeneity of Al2O3:C, 

the host, identified Cr to be present as a trace impurity or in Cr-bearing phases such as Cr-

bearing magnetite or Cr-bearing hercynite (Chithambo and Costin, 2017). 

3.2.2 Spectral features of an Al2O3:C,Mg annealed at 1200oC 

Figure 6 shows the temperature dependence of RL for the annealed sample.  Bands 

near 330 and 410 nm are apparent with the one at 330 nm prominent.  Figure 6(inset i) 

compares RL obtained at 30oC (yellow circles) and at 200oC.  Both bands decrease in intensity 

with measurement temperature but more so at 410 nm.  The well-known decrease for the latter 

reflects thermal quenching at the F centre (McKeever et al., 1995).  The change for the F+ 

band suggests that it may involve other processes other than thermal quenching alone as the 

decline in intensity with temperature would otherwise be greater.  Inset (ii) is included to show 

other bands that are otherwise obscured by the more intense 330 and 410 nm emissions.  Of 

particular interest is the emission at 750 nm which appears in both the annealed and unannealed 

sample (at 750 nm).  The latter is ascribed to the F2
+ centre and is also known to be transient.  

We surmise that under RL, the 750 nm band increases in importance at the expense of the 510 

nm one owing to radiolytic transformation of F2
2+ to F2

+ centres.      

3.3 The influence of measurement temperature on RL spectra 

    The RL intensity monitored from an unannealed sample at 410 nm at specific 

temperatures from 40 to 260oC and from 260 to 40oC (solid circles) immediately thereafter is 

shown in Fig. 7.  In both cases, the RL intensity is comparable within statistical scatter below 

150oC but decreases consistently from 150 to 260oC.  The intensity of RL measured with the 

temperature decreasing exceeds that in the initial run likely because there is no competitive 

retrapping into lower-temperature-lying electron traps.  For the latter, the dependence of 

intensity 𝐼(𝑇)  on temperature better follows the typical behaviour of 𝐼(𝑇) = 𝐼𝑟𝑎𝑑/(1 +

𝐶𝑒𝑥𝑝(−Δ𝐸/𝑘𝑇)) where 𝑇 is the absolute temperature, 𝐼𝑟𝑎𝑑  is the intensity at 0 K, Δ𝐸 is the 

activation energy for thermal quenching, k is Boltzmann’s constant and the constant C is equal 

to rad where  is the frequency factor for the non-radiative process e.g. (Chithambo et al., 

2015).  The solid line through data is the best fit of 𝐼(𝑇) giving Δ𝐸 = 0.90 ± 0.02 eV.  This 

value is consistent with the one reported by Kalita and Chithambo (2017a).    

Figure 7 (inset) shows results for the annealed sample.  Although for this sample, the 

emission at 330 nm is more prominent than that at 410 nm, both were studied.  The intensity 

of the 330 nm emission (solid inverted triangles) decreases monotonically.  While the change 

at 410 nm (open inverted triangles) is archetypal, that at 330 nm is not.  One can forward 

several reasons for this.  If the number of F+ centres responsible for the 330 nm emission 

increases by radiolytic transformation of F2
2+ centres, it would ameliorate against the decrease 

in intensity due to thermal quenching and cause the observed change to be spuriously slow.  

The typical account for thermal quenching is based on transition of an electron from an excited 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 

 

state to another (that is degenerate to both the ground and the excited states) from which a 

radiationless transition to the ground state occurs (Chithambo et al., 2015).  The  F+ has a 3-

fold degenerate excited state with three absorption bands at 6.3, 5.41 and 4.84 eV (Agullo-

Lopez et al., 1988) although the emission at 330 nm (3.76 eV) is attributed to a transition from 

its 1B excited state to the 1A ground state (Agullo-Lopez et al., 1988).  The specifics of 

thermal quenching in such a system are yet to be worked out but this exercise is beyond the 

scope of this report.      

 4.  Conclusion  

The radioluminescence of -Al2O3:C,Mg either annealed at 1200oC or used as received 

is  reported.  RL is prominent at 410 nm for the unannealed sample but principally at 330 

and 410 nm when the sample is annealed at 1200oC with the emission at 330 nm dominant.   

Both bands are subject to thermal quenching but the change for the F+ band is atypical.   
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Figure captions 

 

Figure 1.  Thermoluminescence spectra of unannealed Al2O3:C,Mg measured immediately 

after irradiation (main graph) and after 600 s delay between irradiation and measurement (inset).  

Figure 2  Thermoluminescence spectra of unannealed Al2O3:C,Mg between 30-100oC (main 

graph) and 100-180oC (inset).  

Figure 3  Thermoluminescence spectra of the annealed sample measured from 30 to 200oC 

and, from 30 to 400oC (inset). 

Figure 4  Radioluminescence spectra of unannealed Al2O3:C,Mg measured at 30oC and, 

200oC (inset).  

Figure 5  Radioluminescence spectra measured between 30 and 400oC as shown. 

Figure 6  Temperature dependence of RL for the annealed sample. Inset (i) shows RL 

obtained at 30oC (yellow symbols) and at 200oC.  Inset (ii) highlights weaker bands. 

Figure 7  Radioluminescence monitored at 410 nm against temperature in an unannealed 

sample.  The inset are results for the annealed sample.  The dotted lines are visual guides.  
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