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The effects of ultraviolet (UV) radiation exposure on the thermoluminescence (TL) of aluminium oxide co-doped
with carbon and magnesium (Al;03:C,Mg) are reported. An Al,03:C,Mg single crystal was investigated as a
potential UV TL dosimeter after exposure to a Hg lamp radiation. The TL peak intensity and area under the curve
signals were investigated as a function of the UV exposure time. Intense TL signal was obtained after UV radi-
ation, and the area of the main TL peak at 456 K exponentially increasing with UV exposure time (within 10-120

s), with a trend for saturation for long irradiation times These results were interpreted against similar mea-
surements using beta radiation, showing that the same defects are involved in the TL response for both types of
radiation, while the different irradiation response to the two types of radiation was related to the differences in
the energy dissipation characteristics, and how they affect the concentration of F-type/F-aggregate centers.

1. Introduction

Ultraviolet (UV) radiation corresponds to a narrow fraction of the
electromagnetic spectrum and is divided in three spectral regions: UVA
(315400 nm), UVB (280-315 nm) and UVC (100-280 nm) [1]. The
increasing use of UV radiation from artifical sources such as cosmetic
tanning beds, welding machines and xenon arcs, and a variety of lamps
for medical therapy can significantly contribute to the risks of UV
overexposure [2], possibly leading to skin cancer, erythema, and
inflammation of the eyes [3]. Within this context, measurement
methods and new sensors for assessing UV exposure have become
increasingly important.

Thermoluminescence (TL) corresponds to the light emission upon
heating of insulating or semiconducting materials previously exposed to
ionizing radiation that is not incandence [4]. UV dosimetry can be
executed through TL measurements using carbon-doped aluminum
oxide (Al;03:C) [5-10], and some authors have shown that Al;03:C
exhibts intense TL response after UV irradiation [7,9,10]. More recently,
Yukihara et al. investigated the effects of deep trap filling using
UV-irradiated Aly03:C samples [11], while Pagonis et al. [12] carried
out a quantitative kinetic model that described the TL response of UV
irradiated Al,03:C that was later verified experimentally by Gronchi and
Caldas [13].

Aly03:C is well-known as a high sensitivity dosimeter for personal
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and environmental ionizing radiation dosimetry [14,15]. The high
sensivity of this material is due to the C doping of Al;O3 that promotes
the formation of a large concentrations of F and Ftcenters [16].
Consequently, this has motivated the investigation of Al,03:C crystals
with other dopants besides carbon. For example, Aly03:C,Mg, intro-
duced by Akselrod et al. [17], is an a luminescent material with appli-
cation in imaging and possibly in optical data storage [18,19]. As in the
case of Aly053:C, besides the high concentrations of F and F' centers,
Al;03:C,Mg also contains aggregates of these centers such as Fo, F3, and
F4". However, it also contains oxygen vacancies charge compensated by
Mg, i.e., F™ (Mg) centers and their aggregates such as F3 (Mg), F3 (2 Mg)
and F3t(2 Mg) [16,20,21]. Al,03:C,Mg has been successfully evaluated
for the dosimetry of neutrons, protons and heavy charged particles
[22-24]. Currently, it is used as a fluorescent nuclear track detector
(FNTD) [22] when laser-induced fluorescence allows for fast
non-destructive three dimensional mapping using confocal scanning
microscopy [22,25]. Therefore, images can be automatically obtained
wherein radiation tracks appear in the form of bright spots on a dark
background, allowing for track counting with image processing software
[26,27].

Al,03:C,Mg has also been investigated for TL applications [14,16,28,
29], and while it is promising for the monitoring of beta, gamma and
X-ray radiation dosimetry [18,21,30,31], there have been no previous
works targeted at the UV-induced TL of this material. In this context, the
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objective of this paper is to investigate the TL response an Aly03:C,Mg
single crystal irradiated by artificial UV light source, and toward the
understanding of the effects of different types of radiation on the TL
response of this material.

2. Materials and methods

The sample investigated was an Al;03:C,Mg single crystal grown by
the Czochralski technique by Landauer, Inc., Crystal Growth Division,
Stillwater, OK, USA. The single crystal was cut into a rectangular
parallelepiped (8 mm long, 1.6 mm wide and 0.5 mm thick) with one
polished side, and mass of 48 mg.

Optical absorption measurements were carried out in the range from
200 to 700 nm using a Shimadzu 3600 series UV-Vis spectrophotometer.

TL measurements were carried out using a commercial automated
TL/OSL reader made by Risg National Laboratory (model DA-20). TL
glow curves were obtained after exposure to UV and/or beta irradiation
for up to 120 s, using a heating rate of 1 K/s, from room temperature
(RT) to 675 K. The TL signal was detected with a bialkali photomultiplier
tube behind an UV-transmitting glass filter (Hoya U-340, 7.5 mm thick),
and a mask with 5 mm dia. pinhole. Irradiation was executed at RT using
the built-in 2°Sr/°Y beta source of the TL/OSL reader (activity = 1.48
GBq May/2010; dose rate = 10 mGy/s). All measurements were carried
out in nitrogen atmosphere to prevent spurious signals.

UV exposure was executed with a 1000 W Oriel mercury arc lamp,
with irradiance of 5.4 W/m? at the sample position, measured with a
Delta OHM radiometer model DO 9721 coupled to a LP 9021 UVA
sensor. UV exposure was executed with different time intervals, from 10
to 120 s, with the sample being placed directly under the lamp at a
distance of 1 m. The lamp spectrum was obtained with an Ocean Optics
QE65 Pro Scientific-grade spectrometer in the same position as the
sample. The mercury lamp spectral emission includes the visible/near
infrared (400-1000 nm; 94.6%) and UV (200-400 nm; 5.4%) regions of
the electromagnetic spectrum with the relative intensities of the UV
spectral regions being 58% UVA, and 14% UVB, and 28% UVC.

TL glow curve analysis used the GlowFit software [32] that is based
on the first-order kinetics model by Randall-Wilkins [33]. The TL results
were analyzed in terms of the area under the curve, the activation en-
ergy E, and the TL peak positions. Since all measurements were carried
out with the same sample, results were not normalized by the sample
mass.

3. Results

A typical optical absorption spectrum in the UV-visible spectral
range is shown in Fig. 1. As shown in Ref. [19,21,34] a variety of defect
absorption bands are present in A1203:C,Mg due to crystal growth in a
highly reducing atmosphere and the presence of aliovalent magnesium
and carbon impurities.

Fig. 2 shows the TL glow curves of Al,03:C,Mg single crystal ob-
tained after different UV irradiation times from 10 to 120 s, while the
inset shows the same results in semi-logarithmic scale to highlight the
contribution of the low-temperature peaks within RT to 400 K. Fig. 3
shows a comparison between the TL glow curves obtained for the same
sample after beta (black line) and UV (red line) radiation, respectively.

Fig. 4 shows the result of the best fit using the GlowFit software (best
fit: continuous red lines) of the main TL peak of the experimental glow
curves (open black circle) obtained after 60s of UV exposure time.
Similar results were obtained for the other glow curves, with best fittings
achieving a figure of merit (FOM) below 5%, demonstrating the good
quality of the fittings.

Fig. 5 shows the behavior of the integral of the main TL obtained
with GlowFit as a function of the UV (open black circles) and beta ra-
diation (open black squares) exposure time. In the case of UV irradia-
tion, the error bars represent the standard deviation of the three
experimental runs. Fig. 6 shows the effects of ten sequential TL
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Fig. 1. Optical absorption of a a-Al;03:C,Mg single crystal.
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Fig. 2. TL glow curves of Al,03:C,Mg single crystal obtained at 1 K/s heating
rate as function of different UV exposure times. The inset shows the same TL
glow curves in semi-log scale.

measurements after individual UV (30s — open black circles) and beta
(10s — open black squares) irradiations.

4. Discussion

The optical absorption spectrum, Fig. 1, was dominated by broad
absorption bands centered at about 205 and 255 nm, together with
bands at about 355 and 435 nm, on top of a background due to light
scattering by the unpolished surface. Based on previous works [21,35,
36], the band centered at 205 nm was assigned to F and F(Mg) centers, at
255 nm to F', F"(Mg) and F3(2 Mg) centers, at 355 nm to F3(Mg)
centers, and the band at about 435 nm to F3'(2 Mg). According to
Ref. [11], UV irradiation causes ionization of F centers by the mecha-
nism F + ho -F" + e~ creating a free electron and increasing the con-
centration of F* centers at the expense of F centers. This, phenomenon is
expected to have great influence on the TL response of A1203:C,Mg. It is
noted that defect-free AlpOs is transparent in the UVA and UVB spectral
regions, and only weakly absorbing in the UVC region [37]. It is the
presence of the F-type and F-aggregate defects that cause the strong
absorption needed for UV dosimetry. Moreover, if corrected for the
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Fig. 3. TL glow curves in semi-log scale of Al,03:C,Mg single crystal obtained
under beta (black line) and UV (red line) radiation.
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Fig. 4. TL glow curve (open black circles) of Al;03:C,Mg single crystal together
with best fit (red line) obtained at 60s UV exposure time.

scattering background, these results show that UVA (315-400 nm) and
UVB (280-315 nm) were barely absorbed by the sample, while strong
absorption occurred within the UVC region (100-280 nm) by F, F(Mg),
F', F"(Mg) and F3(2 Mg) centers.

The UV TL glow curves of Al;03:C,Mg single crystal (Fig. 2) revealed
three low intensity peaks at temperatures at about 320 (peak I), 350
(peak II), and 375 K (peak III), in addition to the main peak at 456 K
(peak IV). No TL signal was observed above 500 K. It was also possible to
observe in Fig. 2 an increase in the intensity of the main TL glow peak for
increasing UV exposures. On the other hand, the behavior of the low-
temperature peaks with UV exposure time was not so well defined.

In Fig. 3, the comparison between the sample exposed to UV and beta
radiation showed similar glow curves. According to the literature [21,
31,38], the main TL peak of beta irradiated Al,03:C,Mg single crystal is
the result of emissions at 325, 415, 520 and 750 nm likely corresponding
to F', F, F3(2 Mg) and F$ (2 Mg) centers, respectively, depending on the
temperature [21]. These results showed that the TL response of Al;03:C,
Mg to be the same after UV and beta irradiation.

According to Yukihara et al. [11], the TL behavior of Al;03:C can be
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Fig. 5. Integrated intensity (area) of main peak from TL glow curves of Al,O3:
C,Mg single crystal as a function of the beta (open black squares) and UV (open
black circles) exposure time together with best fittings (red line).

20
O B10s
O UV 30s
’3:\18- —— Fitted curve
@©
< a8 —&—&—5—mF—3~&
o
316—
©
3144
£
Xx
12
o O o
10 T T T T T T T T T T
01 2 3 4 5 6 7 8 9 10

Measurement tag number

Fig. 6. Integrated intensity (area) of main TL peak from ten sequential TL
measurements as a function of the beta (open black squares) and UV (open
black circles) exposure time together with best fittings (red line).

explained by taking into account the main dosimetric trap (MDT), the
deep electron trap (DET), and the deep hole trap (DHT), altogether with
F and F'centers. Irradiation creates electron-hole pairs, wherein elec-
trons are either trapped at the MDT or recombine with existing F™
centers, creating a F centers, and free holes are captured by the F centers,
increasing the concentration of F* centers.

Previous reports on Al,03:C,Mg irradiated with ionizing radiation
also showed that TL peaks L, II and IV (cf. Fig. 2) presented first-order
kinetics [30,39]. On the other hand, the results for peak III are uncer-
tain because of its weaker relative intensity combined with its proximity
to peaks I and II and no clear conclusion on the kinetic order of its
recombination mechanism could be drawn. Based on this, this work
focused on the analysis of the main peak as a function of the UV expo-
sure. Fig. 4 illustrates the fitting results of the main TL peak of the glow
curve obtained after 60s of UV irradiation. The results of the GlowFit
analysis of this peak for UV irradiation were T,, = (456.1 + 0.81) Kand E
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= (1.37 £ 0.01) eV. In comparation, the values for beta irradiation were
Tm = (455.3 £ 0.07) K and E = (1.35 + 0.02) eV. The frequency factor
was of the order of 10'* s7! for both types of radiation. The E and s
values were in agreement with values reported in previous works [30,
39]. Moreover, within the standard deviation, the peak position and the
E value were independent of the UV exposure time, in agreement with
the expected behavior related to a first-order kinetics recombination
mechanism.

In Fig. 5, the integral of the main TL glow peak (from 400 to 500 K)
under beta and UV irradiation is shown. For beta irradiation, a linear
response with the exposure time was observed, in agreement with pre-
vious fidings [14]. The linear best fit (red line; R? = 0.999, where R? is
the coefficient of determination) yielded the angular coefficient = (1.49
+0.01) x 10* counts/s with the intercept fixed at the origin. On the other
hand, for UV irradiation, a nearly linear relationship was found only for
short UV exposure times, ie., less than about 30 s, with a trend for
saturation for longer UV exposure times. The UV irradiation curve was
best fitted with a function of the type:

I(t)=a(l —e™)

That is a saturating exponential, where I(t) is the main TL peak in-
tegral, t is the UV exposure time in s, a is a proportionality constant, and
b is the exponential factor. The values obtained with the best fit pro-
cedure (red line, R2 = 0.999) were a = (4.12 + 0.04) x 10° counts/s and
b=(1.19+0.02)x1072s7%.

It is speculated that the different irradiation response of Alo03:C,Mg
to the two types of radiation could be related to the differences in the
energy dissipation characteristics, and how they affect the concentration
of F-type/F-aggregate centers, as discussed below. Beta radiation dissi-
pates energy through the interaction with electrons and nuclei of the
material. While the direct ionization of F-type/F-aggregate centers
generating ionizing centers is possible, the yield of this mechanism is
expected to be negligible given the concentration of these centers being
much lower than the electron concentration of the material. Beta irra-
diation leads to the creation of a cascade of electron-hole pairs distrib-
uted in the material and previous investigation showed that essentially
only one type of color center (the F center) is created due to electron
irradiation of sapphire [40]. The fate of these charge carriers is very
important as they can affect the concentration of the recombination
centers associated with TL peak IV that, in a previous work, were
determined to be F, Ft, F*(Mg), Fo, F3(2 Mg), and F37(2 Mg) centers
[21]. Some of the electron-hole pairs created by beta radiation will
recombine non-radiatively generating phonons (heat), while some of the
free charge carriers will be captured by traps that later will be respon-
sible for the TL signal upon heating. Further, some electron-hole pairs
will recombine radiatively at the many different F-type/F-aggregate
centers that have been observed in the sample (cf. Fig. 1) generating
radioluminescence. While an ionized F-type/F-aggregate center can
capture a free electron, the capture of a free electron by the F*, F"(Mg),
and F3(2 Mg) centers is highlighted because transformation into a
neutrally charged center, i.e., F, F(Mg), and F5(2 Mg), respectively, will
decrease the concentration of Ft, F*(Mg), and F3(Mg) centers that are
some of the recombination centers in Al;03:C,Mg detected in this work.
Since these ionized centers are involved in the TL recombination pro-
cess, the decrease of their concentration is expected to affect the TL
signal intensity upon readout. It is noted, however, that TL measure-
ments were performed in this work with a UV filter that allowed
transmission within ca. 260 and 390 nm such that only the emission of
F' at 326 nm, F"(Mg) at 325 nm, and F3(Mg) at 385 nm, and partially of
F and F(Mg) centered at about 413 nm [21] were detected, i.e. only
changes in the populations of these centers would be detected through
TL readout.

In addition to these mechanisms, the presence of deep traps in AloO3:
C,Mg needs to be considered. While the presence of deep traps in Al;Os:
C,Mg has not been experimentally confirmed, their presence in the very
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similar material Aly03:C is well-known [11,41] thus supporting the
assumption that they are also present in Alp03:C,Mg. If the concentra-
tion of deep electron traps is larger than that of the ionized F-type/-
F-aggregate centers, then the capture of free electrons by deep traps will
dominate and the concentration of the ionized F-type/F-aggregate cen-
ters is not expected to change significantly. On the other hand, if the
concentration of ionized F-type/F-aggregate centers is larger than that
of deep electron traps, then an increase of the concentration of
F-type/F-aggregate centers concomitant to a decrease of ionized
F-type/F-aggregate centers is expected. A similar argument related to
the concentration of deep hole traps can be stated, with a larger con-
centration of deep hole traps facilitating the capture of free electrons by
ionized F-type/F-aggregate centers. Our results showed a linear increase
of the integrated TL intensity of peak IV with exposure time to beta
irradiation, thus suggesting that the concentration of the recombination
centers possibly remained unchanged after irradiation whitin the limits
of our experimental sensitivity.

UV photons, on the other hand, are only absorbed in Al;03:C,Mg
because of the presence of F-type and F-aggregate defects (defect-free
Al,Og3 is transparent to UV [37]). Each UV photon may excite or ionize a
F-type/F-aggregate defect, but when the UV photon excites a F-type/-
F-aggregate center, no free electrons are created. It is only when the UV
photon ionizes a F-type/F-aggregate center that a free electron is created
allowing for its trapping, and later TL signal upon heating. Conse-
quently, the creation of free electrons requires F-type/F-aggregate cen-
ters to be ionized, thus reducing the population of these centers
available for the next incoming UV photon and for TL recombination.
Specifically, our results showed that only F, F(Mg), F', F"(Mg), and
F3(2 Mg) centers were capable of effectively absorb UV radiation
(Fig. 1). Among these centers, the ionization of F, F"(Mg) and F3(2 Mg)
centers will render them ineffective for future UV absorption and for
contributing to the TL peak IV recombination. Since our TL measure-
ments were only sensitive to the emission of F', F(Mg), F3(Mg), and
partially of F and F(Mg), we hypothesize that the ionization of FT,
F*(Mg), and Fﬁ(Mg) centers leads to the progressive decrease of the TL
signal for longer irradiation times. On this regard, Fig. 6 shows the
progressive decrease of the TL main peak integral after ten consecutive
TL readouts after 30 s long UV irradiations. The decrease was fitted with
an exponential function, and was tentivelly ascribed to the decrease of
F-type/F-aggregate centers, specially all or some among Ft, F*(Mg), and
F3(Mg), as discussed above. This behavior is consistent with the trend
for saturation of the TL main peak signal for longer UV exposures (cf.
Fig. 5). In the case of beta irradiation, no decrease was observed, a result
that is consistent with the linear increase of the TL main peak signal for
longer UV exposures.

5. Conclusions

In this paper, the response of an Aly03:C,Mg single crystal to UV
irradiation was investigated by TL measurements. TL results showed
three low-intensity peaks at about 320 K (peak I), 350 K (peak II) and
375 K (peak III), while the main peak (peak IV) was observed at 455 K.
Comparison between UV and beta irradiations showed similar glow
curves, although the TL mechanisms involved (release and trapping of
charge carriers) are different. UV irradiation led to a saturating expo-
nential response as a function of the irradiation exposure. Saturation
was attributed to the unique characteristics of the absorption and
dissipation of the incoming radiation, as well as changes in the F-type/F-
aggregate concentrations.
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