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A B S T R A C T

MgB4O7 is a promising matrix host for use in radiation dosimetry due to its low effective atomic number
(Zeff=8.2). The present work aims to investigate dosimetric and luminescent properties of the
MgB4O7:Ce0,5%,Li0.5%, produced through solid-state synthesis, using the optically stimulated luminescence (OSL)
technique. The first part of this work discusses the luminescent aspects of this phosphor, such as thermo-
luminescent emission spectra, photoluminescence emission, lifetime of emission centers and the effect of dif-
ferent lithium concentrations as co-dopant. In the second part, the basic OSL properties were evaluated, in-
cluding dose-response curve, minimum detectable dose (MDD), step annealing, and best bleaching set-up for
reuse of MgB4O7:Ce0,5%Li0.5% composites. The photoluminescence and thermoluminescence emission spectra of
the composites present an emission peak at UV-VIS range centered around 370 nm, which is the most suitable for
OSL dosimetry; this emission is related to Ce3+ electronic transitions and has a luminescence center lifetime of
0.003ms. From the step-annealing analyses, it can be seen that the OSL emission is related to different depth trap
centers in the band gap. The OSL dose-response curve is linear from 0.1 Gy to 100 Gy, with a MDD around
1mGy. These properties make this material a strong candidate for different applications in radiation dosimetry
field.

1. Introduction

The optically stimulated luminescence (OSL) technique has been
widely used in several procedures, including for archeological and
geological dating of materials, and nowadays it is already well estab-
lished in medical dosimetry. OSL dosimeters (OSLD) have been com-
mercially available for almost two decades (Akselrod et al., 2007;
McKeever, 2001; Yukihara and McKeever, 2011; Yukihara et al., 2013).
The main challenge for the OSL technique has been the lack of materials
for medical applications; Al2O3:C (aluminum oxide) and BeO (beryllium
oxide) remain the only commercially available as OSL dosimeters
(Sommer et al., 2008; Jahn et al., 2010). However, these materials
present some limitation. For example, Al2O3:C is not sensitive to all
kinds of radiations (e.g. neutrons), has high effective atomic number
(Zeff=11.3), and although recently it has been applied in 2D dose
mapping, the long luminescence lifetime of their emission centers
makes the final 2D images very blurry, requiring several image

corrections (Ahmed et al., 2014, 2016a, 2016b). BeO is a tissue
equivalent (Zeff=7.2) dosimeter, but its high toxicity has been limiting
its application. This lack of suitable OSL materials for dosimetry in the
medical field encourages the research groups to investigate new lumi-
nescent phosphorus for OSL technique (Ahmed et al., 2016a, 2016b;
Souza et al., 2015, 2017).

Doped MgB4O7 (magnesium tetraborate) is a composite extensively
used in thermoluminescent (TL) dosimetry and has been a focus of in-
terest since the early 1980s, when the first reports on its functionality
for dosimetry were published (Prokic, 1986, 1993, 2007), showing a
high sensitivity to ionizing radiation and for being an insulator with a
wide band gap of approximately 9.5 eV (Oliveira et al., 2016a). The
doped MgB4O7 matrix is also attractive due to its low effective atomic
number (Zeff=8.2), which implies a small photon energy dependence
(Yukihara et al., 2014). The tissue equivalency is important for dosi-
metry to avoid the application of correction factors for dose calculation.
Recently the MgB4O7:Nd was suggested to be useful for temperature
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sensing applications as well (Souza et al., 2015).
Although the literature describes the MgB4O7 as a highly sensitive

thermoluminescent dosimeter (TLD) when doped with different lan-
thanides, especially dysprosium and thulium, still there is a lack of
information about borate application in OSL dosimetry (Yukihara et al.,
2014; Prokic, 1980, 2000; Prokic and Botter, 1993; Rao et al., 2009).
For such application it is required that the phosphors present some
particularities, such as a light sensitive trapped charge population and a
luminescence emission at ultraviolet (UV) spectral range for a better
discrimination between stimulation light (generally blue or green) and
OSL signal. Among all different rare earth elements, cerium is the most
promising dopant, because Ce3+ is known to have a short luminescence
lifetime (10−7 - 10−8s) and an emission band at UV-Vis range
(Dorenbos, 2000; Oliveira et al., 2016b; Yukihara et al., 2017). More-
over, the use of lithium as a co-dopant effectively increases the OSL
sensitivity of MgB4O7:Ce, acting as a charge compensator in the sub-
stitution of divalent ions (e.g. Mg2+) by trivalent lanthanide (Ce3+).

Therefore, the objective of this work was to investigate important
aspects related to the luminescence of MgB4O7:Ce,Li for its application
in OSL dosimetry, such as dose-response curve, minimum detectable
dose (MDD), the effect of Li concentration as co-dopant in the OSL
sensitivity of MgB4O7:Ce, and the best optical bleaching for reuse of the
samples. Moreover, the step-annealing test was performed in order to
investigate the stability of the OSL trapping centers. The photo-
luminescence (PL) and thermoluminescence emission spectra of the
samples and their luminescence lifetimes were also obtained.

2. Methodology

2.1. Material synthesis

The MgB4O7:Ce,Li was produced by solid-state synthesis. This route
has been described in detail in previous publications (Souza et al.,
2014, 2015, 2017; Subanakov et al., 2014; Azorin, 2014). For the
production of material, analytical grade materials of MgO (Merck,
99.9% purity), H3BO3 (Merck, 99.9% purity), cerium carbonate (Ce2
(CO3)3 xH2O- Sigma-Aldrich, 99.9% purity) and lithium carbonate
(LiCO3- Sigma-Aldrich, 99.9% purity) were used.

The X-ray diffraction (XRD) analyses were performed to ensure that
the proper crystalline phase of MgB4O7 was achieved. XRD analyses
were carried out using a Rigaku system, model DMAX2000. The CuKα
radiation was used with the tube operating at 40 kV/20mA in step scan
mode with steps of 2θ (°) = 0.5 in the 2θ scan interval from 10° to 80°.
Samples with grain sizes less than 75 μm were used and the crystalline
phases were identified through the diffraction patterns available in the
PDF2 (Power Diffraction File) crystallographic database in X'Pert High
Score Plus software. The concentration of Ce3+ was fixed in 0.5%
weight (wt %), regarding the total mass of MgB4O7, which is the op-
timal concentration for luminescence emission of MgB4O7 matrix host
produced by solid-state synthesis (Souza et al., 2017). The concentra-
tion of Li (Li2CO3) was varied from 0.1% to 2% of the total weight, in
order to investigate the co-dopant concentration which improves the
luminescence efficiency of the samples. Most part of analyses was
performed using samples in pellet format produced by cold compaction
of the powder in a hydraulic press, with 50 kgf/cm2. Each pellet had
final mass of 10.0mg, 3.0mm of diameter, and 2.0 mm of thickness.

2.2. Luminescent measurements and irradiations

All OSL measures were carried out in a Risø TL/OSL-DA-200 system
equipped with blue light emitting diodes (emission centered at
470 nm), and Hoya U-340 filters (7.5 mm thickness, transmission be-
tween 290 and 390 nm, Hoya Corp. Tokyo, Japan) were placed in front
of the photomultiplier to block the stimulation light. The irradiations
were performed with a90Sr/90Y beta-ray source, coupled to the Risø
system, delivering 0.1 Gy/min (02/2017) to the sample position. All the

measurements were performed in continuous wave (CW), with stimu-
lation of 60 s. All the data analyses were based on the total area under
the OSL decay curve.

For the step-annealing analyses, initially the pellets were divided
into batches, with 5 pellets each one, and they were irradiated with
0.5 Gy. Next, the pellets were preheated between 50 °C and 350 °C, in
steps of 50 °C, using a controlled heating rate of 10 °C/min to the de-
sired temperature, and cooled down to room temperature. Afterwards,
the OSL measures of the pellets were carried out. The MDD of
MgB4O7:Ce,Li pellets was defined as three times the standard deviation
of the background readings (3σ BG) divided by the sensitivity of the
sample (dose-response curve). The background was estimated by five
measurements of an un-irradiated pellet.

To obtain the TL emission spectrum of MgB4O7:Ce,Li, the photo-
multiplier was removed from the Risø system and an optical fiber,
connected to an Ocean Optics HR2000 spectrometer (transmission be-
tween 200 nm and 1000 nm), was attached to the reader and upon
submitting the samples to controlled heating until 450 °C, with heating
rate of 1 °C/s, the wavelength emission was collected using the Spectra
Suite software (Ocean Optics).

The photoluminescence (PL) and lifetime measures were performed
in a spectrofluorimeter (NanoLog UV–VIS–NIR-Horiba) with a R928P
photomultiplier tube equipped as the detector, Xenon lamp (CW 450W)
as the excitation source, and a bandpass filter (KV399). The lumines-
cence decays were obtained using the same spectrofluorimeter and
detector and a pulsed lamp (Xenon flash tube). All measurements were
carried out at room temperature and with the same instrumental
parameters. The average lifetime decay was calculated using Equation
(1) (Poma et al., 2017).
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where Ai and τi are the emissions and their respectively lifetime values
obtained experimentally.

3. Results and discussion

3.1. XRD analyses

Initially, to guarantee that the crystalline phase of MgB4O7 was
successfully obtained through the solid-state synthesis route, the XRD of
the material was performed. The experimental XRD diffractogram of
MgB4O7 shows good agreement with the ICSD 01-076-0666 standard
crystallographic database, corresponding to magnesium tetraborate
with an orthorhombic crystal system (Fig. 1).

3.2. Effect of co-dopant concentration

The effect of co-doping MgB4O7:Ce0,5% varying the Li concentration
is shown in Fig. 2. An optimum OSL signal was achieved by addiction of
0.5% of Li; above this value the OSL signal decreases, creating a
quenching effect in the luminescence signal. Other works showed that
an optimum OSL signal of MgB4O7 was achieved with 0.3% Ce doping
and Li concentrations up to 10% (Yukihara et al., 2017). The optimal Li
concentrations obtained in this study were much lower, showing that
the solid-state synthesis is a more efficient route in incorporating the
co-dopant in the crystal lattice compared to the combustion synthesis
described at (Yukihara et al., 2017), which has a high degree of matter
decomposition and so more losses in the starting materials. Other
oxides, such as MgO:Ce, also show an increase in the luminescence
when Li is added in their matrix (Yukihara et al., 2013; Oliveira et al.,
2016b). All other analyses discussed in this work were performed with
MgB4O7:Ce0,5%, Li0.5%. So, for simplicity, the matrix will be called here
as MgB4O7:Ce,Li.
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3.3. Basic luminescent properties

In Fig. 3 is shown the TL emission spectrum of MgB4O7:Ce,Li, with a
luminescence emission band between 350 nm and 400 nm, with a peak
around 370 nm; a weaker peak is observed between 550 nm and
600 nm. These emissions are assigned to the 5d → 4f transitions from
Ce+, which are characterized by a double band due to the splitting of
4F1 ground state into 2F5/2 and 2F7/2 states (Souza et al., 2017; Doull
et al., 2014; Orante-Barron et al., 2011; Bos et al., 2011; Twardak et al.,
2014).

The wavelength position of the emission band of Ce3+ ions is
strongly affected by the crystalline field of the surrounding anions, and
thus the emission of Ce3+ can be placed in a different position ranging
in the ultraviolet-infrared (UV-IR) region, depending on the host lattice
(Dorenbos, 2000; Orante-Barron et al., 2011). For MgO:Ce,Li, the main
TL peak is centered at 525 nm; for other systems, such as CaO:Ce,
CaS:Ce and MgS:Ce, the emissions are very similar to that of MgO, being
centered at 556 nm, 505 nm and 525 nm, respectively, which are also
related with the Ce3+ transitions (Yukihara et al., 2013; Dorenbos,
2000; Orante-Barron et al., 2011).

The PL emission of the samples, under excitation of 315 nm, shows
one broad band ranging at 350–450 nm and no emission for the non-
doped samples (MgB4O7) [Fig. 4(a)]. Additionally, the curve exhibits a
shoulder ranging between 420 and 450 nm, assigned to the intrinsic
luminescence of the host. The lifetime decay of the main emission was
calculated through Equation (1) and is in order of 0.003ms (3 μs)
[Fig. 4 (b)].

This lifetime decay observed for the borate is higher compared to
the decay of Ce at other host matrices such as CaS:Ce (bulk phosphor)
presenting a lifetime decay of 1.5 μs and the CaF:Ce, CaB4O7:Ce and
Li2B4O7:Ce, which have lifetimes in nanosecond order (Kindrat et al.,
2016; Kumar et al., 2010). However, the CaS:Ce nanophosphors have
lifetime up to ms, which is attributed to more radiative relaxation
caused by surface defects that act as luminescent centers (Kumar et al.,
2010).

The increase in lifetime in the tetraborate may be attributed to ra-
diative relaxation caused by the shallow traps that act as luminescent
centers, increasing the radiative rate; the lifetime turns to be longer,
suggesting a slower relaxation process. It is important to remind that
the dynamics of emission and lifetime decays at the phosphors are
governed by the interaction of the host band energy states and the
dopant states, so the decay parameters also depend on the basic com-
position of the phosphor.

The short lifetime observed in the MgB4O7:Ce,Li host is extremely
useful for its application in 2D dose mapping and image scanning. The

Fig. 1. Experimental XRD of MgB4O7 produced through solid-state synthesis
and the respective reference pattern from the database
ICSD 01-076-
0666.

Fig. 2. OSL signal of MgB4O7:Ce0,5% as a function of Li concentration as co-
dopant.

Fig. 3. TL emission spectra of MgB4O7:Ce,Li.
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basic requirement for a luminescent material to be applied as 2D de-
tector is that it should have a very low luminescence lifetime decay to
avoid the image blurring effect (Ahmed et al., 2016a, 2016b). Recently,
the Al2O3:C has been suggested as a 2D detector, but the lifetime
emission of its main luminescent center (F-center) is 35ms, and during
the film scanning the luminescence of each pixel will contaminate the
following one and so on, causing a very strong blurring in the final
image, which requires a series of corrections, making the practice
cumbersome (Ahmed et al., 2014, 2016b).

3.4. Basic OSL properties

At Fig. 5(a) are shown the results of the step annealing test, where it
is possible to correlate the TL and OSL dynamics in the host matrix
(Yukihara and McKeever, 2011; Yukihara et al., 2017). The graph
shows that a pre-heating of the samples until 150 °C induces a decrease
of 25% in the OSL signal, suggesting the presence of shallow traps in the
band gap MgB4O7. In fact, the TL glow curve of MgB4O7:Ce,Li depicted
at Fig. 5(a) is composed by an emission in the low temperature range
(100–150 °C), which explains the decrease of the OSL signal with the
pre-heating until 150 °C.

Pre-heating the samples, from 150 °C up to 350 °C, deplete all the
OSL signal of MgB4O7:Ce,Li, meaning that the main traps responsible

for the OSL signal are located at deep levels in the band gap, which are
very stable and so the OSL signal has very low fading (Souza et al.,
2017). Previous works showed that MgB4O7:Ce,Li have a very low
fading in the first days (< 5%), due to the presence of shallow and
unstable traps in the band gap, and afterwards no significant fading was
observed, which means that most part of the traps responsible for the
OSL signal in the host is composed by deep traps (Souza et al., 2017).

From this results, it can be also concluded that the OSL signal of the
MgB4O7:Ce,Li can be successfully depleted upon heating the samples
until 350 °C, but thermal treatment to re-use of TLD/OSLD can change
the sensitivity of the detector, which is one of the main drawbacks of
the TL technique (Yukihara and McKeever, 2011). So, the best condi-
tion to re-use the pellets upon optical bleaching was evaluated. The
results in Fig. 5(b) show that exposing the samples to blue LEDs for
60min is effective to deplete the traps and reestablishes the initial
conditions for reuse of the pellets.

The OSL decay curve of MgB4O7:Ce,Li, which is shown at Fig. 6(a),
was well fitted ( =χ 0,992 6) by a double exponential decay as described
in Equation (2):

= + +
− −( ) ( )I I A e A e0 1

x
τ 2

x
τ1 2 (2)

Fig. 4. (a) Emission spectra and luminescence lifetime (b) decay curves of
MgB4O7:Ce,Li measured at room temperature, under an excitation of 315 nm
laser pulse.

Fig. 5. (a) Step-annealing test, where the OSL signal of MgB4O7:Ce,Li is shown
as a function of pre-heat temperatures; the typical TL glow curve of the material
is also depicted. (b) OSL signal as a function of different exposition times to blue
LEDs; in order to restore the initial conditions of the OSLD, the OSL integral was
subtracted by the background signal of the pellets. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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where I is the luminescent intensity as a function of time, I0 is the
background intensity, A1 and A2 are constants and τ1 = (1.51 ± 0.03)s
and τ2 = (17.4 ± 0.5)s are the lifetimes of the fast and slow compo-
nents of the OSL decay curve. It is important to keep in mind that in the
equation, τ1 and τ2 are the time intervals required to the charges to
recombine and produce the OSL phenomena, not the intracenter
fluorescence lifetime of Ce described at Section 3.3. The fast component
is assigned to the direct recombination of electrons and holes, and the
slow one is due to the re-trapping of the charges, during several sec-
onds, before being recombined with holes (Souza et al., 2017). Finally,
the dose response curve of the pellets is shown in Fig. 6(b), with linear
behavior until 100 Gy, and above this value a supralinearity can be
observed, which is a very common behavior when the traps are ap-
proaching the saturation (Souza et al., 2017; Yukihara et al., 2017). The
abrupt increase in the OSL signal, above 100 Gy, maybe related to sa-
turation in the traps, and above this dose the samples cannot be used
because the signal is not reliable, and the relative standard errors are
too high, approaching 40%. The MDD obtained for the MgB4O7:Ce,Li
pellets was (1.00 ± 0.10) mGy.

4. Conclusions

The luminescent and basic OSL properties of MgB4O7:Ce,Li pro-
duced by solid state synthesis were investigated in this work. Initially,
the XRD results showed that the MgB4O7 can be successfully produced
through the solid-state synthesis. The TL and PL emission spectra in-
dicated that the emissions in the UV-VIS region, with peaks located
between 350 nm and 400 nm, are due to Ce3+ transitions. The lifetimes
of these emissions are around 0.003ms (3 μs), which is 10000 times less
than the lifetime of the commercial Al2O3:C (F centers), indicating
strongly that the MgB4O7:Ce,Li is applicable for scanning in 2D dosi-
metry. The optimal co-dopant concentration for the matrix is 0.5% of
Li, which also enlights the effectiveness of the synthesis in in-
corporating the dopants and co-dopants in the crystalline host. From
the step annealing experiment, it was observed that the OSL signal is
assigned to shallow (< 150 °C) and deep traps (> 150 °C), and that
MgB4O7:Ce,Li can be reused successfully (bleaching process) upon ex-
posing it to blue LEDs for 60min. The dose-response curve is linear up
to 100 Gy, and then a supralinear behavior is observed. The MDD ob-
tained for the pellets was around 1mGy, which increases the range of
applications of this material in medical dosimetry. The results demon-
strate that MgB4O7:Ce,Li fulfills many criteria for an OSL dosimeter be
considered efficient, such as: emission in the UV-Vis range, fast lifetime
from the main emission centers, low MDD, broad range of linearity in
the dose response curve. Moreover, it is to be expected that the 3mm
diameter pellets studied in this work may be easily inserted into body
cavities under complex geometries for in vivo dosimetry.
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