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� The OSL properties of the LiMgPO4:Tb,B powders and crystals have been compared.
� LMP powders and crystals are linear over a dose range from 0.5 mGy up to 5 Gy.
� Fading was measured with and without the pre-readout thermal treatment.
� Pre-heat caused that the residual OSL signal is comparable for powders and crystals.
� The LMP powders and crystals have a good reproducibility (<3.5%).
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a b s t r a c t

The OSL properties of the LiMgPO4:Tb,B (LMP: Tb,B) were compared for samples in the form of powders
and crystals. The LMP:Tb,B powders were synthesized by a solid state reaction with Tb and different
kinds of boron donors. In turn, the LMP:Tb,B crystals were prepared by a micro-pulling down crystal
growth method using the synthesized powder as a starting material. The automated Risø TL/OSL-DA 20
reader was utilized for the irradiations (90Sr/90Y source) and OSL measurements as well. The repeat-
ability, dose response characteristic and fading were investigated for both types of samples. The
LMP:Tb,B powders and crystals emit OSL, when previously irradiated samples are stimulated with blue
light, with the OSL sensitivity comparable with a commercial Al2O3:C. The OSL signals of the LMP:Tb,B
powders and crystals are repeatable (the standard deviation did not exceed 3.5%). The dose response for
powders and crystals was found to be linear over the analyzed dose range, namely from 0.5 mGy up to
5 Gy.

The fading was calculated considering, as the first measurement point, the OSL signal measured 24 h
after the irradiation. This was measured with and without a pre-readout thermal treatment (60 s pre-
heat in 150 �C). Such a procedure stabilizes the OSL signal for both types of samples. In case of pow-
der samples, about 75e80% of the initial OSL signal was measured three weeks after the irradiation, if the
pre-heat procedure was not applied. However, for crystal samples the level of OSL signal was about 15%
higher. The pre-readout thermal treatment caused that the residual OSL signal for powders was about 80
e90% and about 95% for crystals.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Luminescence is a phenomenon of emission of light by certain
class of materials. Among the various categories of luminescence,
thermoluminescence (TL) and optically stimulated luminescence
(OSL) are commonly used in ionizing radiation dosimetry. OSL is a
Gieszczyk).
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relatively new technique for radiation dosimetry, originally devel-
oped for geological or archaeological dating (Huntley et al., 1985).
However, the TL technique is now very well developed, regarding
the number of available luminescent materials (e.g. LiF:Mg,Cu,P,
LiF:Mg,Ti (Bilski, 2002), CaF2, CaSO4:Dy (Kłosowski et al., 2010) etc.)
that are successfully used as radiation detectors. Recently, the OSL
method is increasingly adopted in various branches of radiation
dosimetry, including personnel and environmental monitoring,
medical dosimetry etc. There are several advantages of the OSL
technique over the TL technique, such as fast readout, absence of
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thermal quenching and dose re-estimation in a simple way. In this
case, the best known OSL materials are: BeO (Jahn et al., 2014) and
Al2O3:C (Akselrod et al., 1998; Yukihara andMcKeever, 2011), which
have found wide commercial application in OSL radiation dosim-
etry. Other materials, like lithium aluminate (LiAlO2), were also
studied recently (Twardak et al., 2014a, 2014b), but satisfactory
results have not been achieved yet. This situation stimulates the
need for new OSL materials showing comparable luminescent
properties to Al2O3:C and BeO.

In recent years, studies on the TL and OSL response of the
LiMgPO4 (LMP) compound showed its suitability for OSL dosimetry
(Kulig et al., 2016a, 2016b). The group of Dhabekar et al. (2011)
showed that LMP:Tb,B phosphors have sensitivity to ionizing ra-
diation comparable to that of commercially available OSL dosime-
ters (Al2O3:C). The OSL signal of these materials is reproducible and
linear up to 1 kGy. LiMgPO4 doped with Sm or Eu shows linearity in
the dose range of 0.1e540 Gy. The OSL intensity of the LMP:Eu,Sm,B
phosphors was found to be 5 times that of LMP:Eu,B or LMP:Tb,B
(Gai et al., 2015).

The promising dosimetric properties of the LMP compound have
also been reported for crystals grown by a micro-pulling-down
(MPD) method (Kulig et al., 2016b). The OSL and TL signals of the
analyzed crystals are repeatable (1.9% in TL and 3.8% in OSL). The
LMP crystals present a linear response up to 1 kGy of beta radiation
dose, regardless of the applied stimulation method. The fading data
show 13% loss of the TL signal and 27% of the OSL signal within 24 h
after the irradiation. In case of TL for longer time periods the level of
signal does not stabilize but decreases by an additional 18%within 2
weeks. For the data normalized to the OSL signal recorded 24 h
after the irradiation, the loss of signal within the next two weeks is
lower than 3%.

Therefore, the purpose of this work is to compare the dosimetric
properties of the LMP compound, in form of powders and crystals
grown by the MPD method, in order to confirm its validity for
application as the OSL detector. Within this work, the dose
response characteristics, sensitivity to beta radiation, repeatability
and fading have been compared using the optical stimulation
methods and both the LMP powders and crystals.

2. Materials and methods

2.1. LiMgPO4:Tb, B powders

The LiMgPO4 powders with different Tb and B dopants con-
centrations were synthesized by a solid state reaction. Lithium
hydroxide (LiOH), magnesium nitrate hexahydrate (Mg(NO3)2
$6H2O) and ammonium dihydrogen phosphate (NH4H2PO4) were
used as substrates in this reaction. The process was performed in
air. Terbium oxide (Tb4O7) was used for doping the phosphors with
terbium (Tb) ions and boric acid (H3BO3) or borax (Na2B4O7$10H2O)
was used for doping the phosphors with boron (B) ions. These
starting materials were ground together in an agate mortar
(Dhabekar et al., 2011; Goni et al., 1996).

The obtained mixture was heated in an open crucible at 300 �C
for 1 h, at 650 �C for 1 h and at 750 �C for 20 h. The final product was
cooled to room temperature. The powders for OSL measurements
were weighed into smaller samples having a mass of around
5e8 mg and one layer of the powder was placed on the cup (see
Fig. 1). All of the results were normalized to the powders mass.

2.2. LiMgPO4:Tb, B crystals

Both the LMP:Tb,B powders and crystals were produced at the
Institute of Nuclear Physics in Krakow. The LMP:Tb,B raw powders,
prepared as described above, were used to grow the crystals by a
Please cite this article in press as: Kulig, D., et al., Comparative studies
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micro-pulling down method. The MPD technique involves melting
the rawmaterial in the induction furnace, in a specially constructed
crucible. This crucible (graphite or iridium) has a capillary hole in
the bottom. After filling the capillary, the raw material contacts the
seed crystal, which is located under the crucible. Through the
downward movement of the seed, crystal growth process is started
(Fukuda and Chani, 2007). The device for crystal growth consists of
20 kW power generator, vacuum induction furnace and dedicated
closed circuit cooling system. The MPD technique allows for rela-
tively fast growth of crystal rods, with a diameter up to 3 mm and
the length of some centimeters, within a few hours. This enables a
quick assessment of the impact of growth parameters, concentra-
tion and type of activators on the properties of the grown crystal.

Specification of the investigated samples is presented in Table 1.
The LMP:Tb,B powder (~1 g) was loaded into a graphite crucible

and heated to its melting temperature (around 1025 �C). A graphite
after-heater and two layers of alumina ceramic thermal isolation
were also applied. These were used to assure an appropriate tem-
perature gradient within the growth area. For the measurements,
the obtained rod-shaped crystals were cut into smaller samples
(having around 3 mm diameter and 5 mm length) and weighed.
The shape of crystals was identical or very similar as shown in Fig.1.
All of the results were normalized to the crystals mass.

2.3. Irradiation and the OSL readout

The irradiations and OSL measurements of the LMP:Tb,B pow-
ders and crystal samples were performed using the Risø TL/OSL-
DA-20 reader. This automated reader is equipped with infrared
(870 nm) and blue (470 nm) LED stimulation modules and two
built-in radiation sources, namely 90Sr/90Y and 241Am, enabling
easy irradiation of the samples. A detailed description of the reader
can be found in Bilski et al. (2014) and Wr�obel et al. (2015).

Beta rays with the dose rate of about 64.6 mGy/s and maximum
beta particles energy of 2.27 MeV were applied for samples irra-
diation. Information about the dose rate is based on the calibration
performed on the 0.9 mm thick LiF:Mg,Cu,P (MCP) detectors. The
lowest doses (up to 0.11 Gy) for dose response characteristic were
delivered with an external 90Sr/90Y beta radiation source. In this
experiment blue light emitting diodes were used for the OSL
stimulation. The CW-OSL signal was measured with the bialkali
photomultiplier tube (having a maximum detection efficiency be-
tween 200 and 400 nm) and Hoya U-340 filter (7.5 mm thickness).
The OSL signal of powders and crystals has been recalculated by
taking into account the mass of each sample.

The study of repeatability was carried out five times by exposing
the LMP:Tb,B powders and crystals to 0.2 Gy dose of beta rays. 3
samples were used for each cycle in case of powders and crystals.
All samples were measured in the same sequence: bleaching
(10 min in the Risø reader e blue LEDs), annealing (0e500 �C, 5�C/
s), bleaching (10 min in the Risø reader e blue LEDs), irradiation
(0.2 Gy beta rays) and the readout (600 s CW-OSL measurements).

The fading measurements were carried on the Risø reader.
Firstly, the samples were bleached and annealed and then irradi-
ated with beta rays with the dose of 0.2 Gy. The exposed samples
were kept in darkness up to 21 days. For each data point 3 samples
of powders and crystals have been utilized.

The dose response characteristic was measured over the dose
range of 0.5 mGye5 Gy of beta rays. The samples were irradiated
with lower doses (0.5e100 mGy) using the external b source and
with doses from 0.2 Gy to 5 Gy using the Risø built-in b source. In
case of powder and crystals the same 3 samples per dose have been
used. All samples weremeasured in the same sequence as in case of
the repeatability and fading measurements.

For each measurement the dosimetric signal was defined as the
on OSL properties of LiMgPO4:Tb,B powders and crystals, Radiation



Fig. 1. A picture of the LiMgPO4:Tb,B powder (left-hand side) and crystal (right-hand side) measured in this work.

Table 1
The detailed composition of the selected LMP:Tb,B samples (powders and crystals).
Terbiumwas always added in form of Tb4O7 and always with the same concentration
e0.8 mol%.

Terbium Boron Powder Crystal

Tb4O7(0.8mol%) H3BO3 (10 mol%) powder #1 crystal #1
Tb4O7(0.8mol%) Na2B4O7$10H2O (10 mol%) powder #2 crystal #2
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integrated OSL signal from t ¼ 0 to 600 s. The whole data analysis
was done using the calculation of the total area (0e600 s) under the
OSL curve.
3. Results

3.1. OSL signal

The OSL curves recorded in continuous wave mode for LiMg-
PO4:Tb,B and Al2O3:C as a reference detector (Landauer, Inc.,
Fig. 2. A comparison of the OSL signal after irradiation with the dose of 0.2 Gy for the
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triangle shape of the crystal) are shown in Fig. 2. The signal was
recorded directly after the irradiation. The OSL sensitivities of the
analyzed samples were compared using the OSL measured during
the first second of stimulation. The OSL results show that the
LMP:Tb,B powders (especially #2) are very sensitive to ionizing
radiation, with sensitivity comparable to the standard Al2O3:C
samples under blue light stimulation (470 nm) and light detection
in the UV range.

One of the important feature for dosimetric materials is their
repeatability for identical measurements conditions. Samples
irradiated with the same dose (0.2 Gy) were measured 5 times. For
the studied powders, discrepancies between successive measure-
ments did not exceed 3.5%. In case of the studied crystals the
standard deviation is lower than 2%.
3.2. Fading

Fading measurements showed that the highest loss of the OSL
signal occurs within the first 24 h after the irradiation. For powders
LMP:Tb,B powders and crystals with the reference Al2O3:C crystal (Landauer, Inc.).

on OSL properties of LiMgPO4:Tb,B powders and crystals, Radiation



D. Kulig et al. / Radiation Measurements xxx (2017) 1e64
and crystals, when the fading was measured without pre-heat, the
loss of the OSL signal was around 60%. After this time the loss of
signal is significantly lower and the signal gets stabilized within
one week after the irradiation. The experimental results are shown
in Fig. 3. The fading of the OSL signal could be due to the loss of the
low temperature TL peaks in this phosphor (Kulig et al., 2016a).

It was decided to measure the fading with pre-readout thermal
treatment (150�C/60 s) to remove the least stable low-temperature
signal which may be connected to shallow traps corresponding to
low-temperature TL peaks. This approach improves the results for
both types of samples and 24 h after the irradiation the loss of
signal is just about 15e20%. For the powders, the OSL signal sta-
bilizes after 10 days, while for crystal already after 3 day. The loss of
OSL signal for powders is about 10e20% within 21 days. In case of
crystals the loss of OSL signal is few (5%) percent.
Fig. 3. Fading measurements for LiMgPO4:Tb,B for e (A) e powder and crystal #1, (B) e pow
irradiation.
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3.3. Dose response

The dose response was measured over the dose range from
0.5 mGy to 5 Gy. The readouts were performed 24 h after the
irradiation. Fig. 4 shows the OSL dose response for both types of the
studied samples. The data were fitted with the linear fits (in a log-
log scale). The slope of the fit for the powder #1 was 0.951 what
indicates sub-linearity. For the powder #2, one can find that this
material is linear. In case of the crystal #1 the slope of linear fit was
0.912 what indicates sub-linearity. For the crystal #2 the slope of
linear fit was 1.028 what indicates superlinearity.

Therefore, on the basis of the performed measurements one can
conclude about the influence of the kind of boron donor on the
measured dose response of the studied samples. The powder #1
and crystal #1 (H3BO3 as a boron donor) showed a small sub-
der and crystal #2. The data were normalized to the OSL signal recorded 24 h after the

on OSL properties of LiMgPO4:Tb,B powders and crystals, Radiation



Fig. 4. Dose response characteristic measured for the studied LiMgPO4:Tb, B samples.
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linearity. In turn, the powder #2 and crystal #2 (Na2B4O7$10H2O as
a donor of boron), showed a superlinear response.
4. Conclusions

The OSL properties of the LiMgPO4:Tb,B, in the form of powders
and crystals were compared. The OSL intensity of powders was
comparable or even higher (powder #2) than that of Al2O3:C under
the blue light stimulation and light detection in the UV range.
Likewise, OSL measurements of the obtained crystals indicated that
they are also sensitive to ionizing radiation with sensitivity com-
parable to the commercially available Al2O3:C crystal samples.
Moreover, one can conclude that high-temperature crystallization
process changes the distribution of the OSL-related structure de-
fects and it has an influence on the fading.

A standard deviation of the measured OSL signal is lower than
3.5% in case of the studied powders and lower than 2% for the
studied crystals. The pre-readout thermal treatment caused that
Please cite this article in press as: Kulig, D., et al., Comparative studies
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the residual OSL signal for the powders measured threeweeks after
the irradiation was about 80e90%. For crystals the loss of signal
within 21 days after the irradiation was only about 5% as compared
to the signal measured 24 h after the irradiation.

These results tend to suggest that the LMP:Tb,B phosphor (both
powders and crystals form) may be considered as a promising
material for ionizing radiation dosimetry. The LMP:Tb,B powders
are more sensitive to ionizing radiation, but crystals have signifi-
cantly lower OSL fading within 21 days after the irradiation. In this
context, further studies to improve the dose response and fading of
these phosphors are currently underway.
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