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h i g h l i g h t s
� Crystals of the LiMgPO4 compound have been grown by micro pulling down method.
� Kinetic parameters were defined by different methods of data analysis.
� Tm-Tstop, deconvolution and variable heating rate methods have been utilized.
� TL and OSL data of the LMP compound can be expressed by first order components.
� Kinetic parameters evaluated by the applied methods differ significantly.
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a b s t r a c t

Within this work the samples of the LiMgPO4 compound have been crystallized using a micro pulling
down crystal growth method. The measured TL and OSL response was investigated in order to evaluate
basic kinetic parameters. Collected data were analyzed using Tm-Tstop, deconvolution and variable
heating rate methods. It was found that both the TL and OSL response of the LiMgPO4 samples can be
expressed in the form of a linear combination of several first order components. The obtained results
suggest that luminescence processes in the studied material may follow a first order kinetics, as the
measured TL glow curves do not shift with increasing dose. Increasing the dose of beta radiation up to
kGy range, a linear response was measured for all the studied LiMgPO4 samples. The obtained values of
kinetic parameters evaluated with Tm-Tstop method remain in agreement with those obtained by
deconvolution for low-temperature peaks. In turn, for peaks located at higher temperatures the results
obtained by variable heating rate method are close to those of deconvolution. This implies that more
detailed analysis is needed to achieve a compatibility between the applied modes of data analysis and to
achieve the accurate values of kinetic parameters. By calculating a decrease in the area under the whole
LMP glow curve for the two weeks fading time, using the estimated trapping parameters, and comparing
the results with previous work one may conclude that Tm-Tstop method combined with the initial rise
analysis gives the most reliable values of kinetic parameters.

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

Nowadays, the OSL technique becomes a standard in the mod-
ern radiation dosimetry. The first use of this phenomenon for
personal dosimetry application was suggested by Antonov-
Romanovskii et al. (1955). However, the method did not come
into use until the excellent luminescent properties of crystalline
Al2O3:C have been discovered (Akselrod et al., 1990; Markey et al.,
. Gieszczyk).
1995). Since then, the OSL properties of the Al2O3:C crystals have
been extensively studied regarding its possible application in
various fields of radiation dosimetry (Botter-Jensen et al., 2003;
Goossens et al., 2006; Kalchgruber and Wagner, 2006; Yukihara
et al., 2005). Although the OSL technique has been popular for
more than the past 10 years, the number of commercially available
OSL phosphors is still limited only to two materials, Al2O3:C
(Viamonte et al., 2008) and BeO (Sommer et al., 2008). This stim-
ulates efforts for seeking new OSL materials, usually in the form of
complex oxide crystals.

Lithium magnesium phosphate (LiMgPO4, LMP) is a relatively
new and promising dosimetric material, which nowadays
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undergoes an extensive studies. From structural point of view, the
LMP is orthorhombic, space group Pnma, a ¼ 10.147, b ¼ 5.909 and
c¼ 4.692 Å. It belongs to the ordered olivine-type structures (Hanic
et al., 1982). In the form of powders and cold-pressed pellets, the
LMP compound exhibits good dosimetric properties that poten-
tially may allow to compete with commercially available TL/OSL
dosimeters based on LiF (in case of TL) or Al2O3:C and BeO (in case
of OSL). Probably the first reported studies on TL and OSL properties
of the differently doped LMP compound were performed by
Dhabekar et al. (2011, LMP:Tb,B), Kumar et al. (2011, 2013,
LMP:Tb,B), Menon et al. (2012, LMP:Tb) and Gai et al. (2013,
LMP:Tb,Sm,B; 2015, LMP:Eu,Sm,B). In general, the Li-containing
OSL materials are always of interest (Twardak et al., 2014a,
2014b), because of the possible application in neutron dosimetry,
where both the Al2O3:C and BeO are rather useless. Recently, the
micro pulling down (MPD) crystal growth method has been also
utilized to prepare the (undoped) LMP crystal samples (Kulig et al.,
2016a) and this process has been optimized to obtain the crystals of
desired luminescent properties (Kulig et al., 2016b). The obtained
results tend to suggest that the LMP compound may be considered
as promising material for application in ionizing radiation
dosimetry.

A high radio-sensitivity of the LMP compound as well as a wide
linear dose-response range may allow for considering of this ma-
terial as a good candidate for applications in ionizing radiation
dosimetry. On the other hand, this also requires a deeper under-
standing of TL and OSL aspects of this phosphor. Taking this into
account, this work is focused on extensive studies on luminescence
kinetic parameters of the undoped LMP crystals grown by a micro
pulling down method. This was done using different methods of
data analysis, such as Tm-Tstop (proposed by S.W.S McKeever (1980),
combined with the initial rise analysis for the Ea range evaluation),
deconvolution (TL and OSL data) and variable heating rate. Dis-
crepancies between the results obtained with these methods are
also discussed.

2. Materials and methods

2.1. Powder preparation and crystal growth methods

In this work, the solid state reaction between LiOH,H2O,
Mg(NO3)2$6H2O and NH4H2PO4 in air was applied to prepare a raw,
undoped LiMgPO4 powders. This chemical reactionwas followed by
a thermal treatment including several cycles at the temperatures
changing from 200 to 750 �C. The material obtained in this process
was next ground and sieved to achieve a grain size below 212 mm.
The as-prepared raw LMP powder was loaded into a graphite cru-
cible and heated to its melting temperature, which is about 1025 �C.
Due to a poor excitation features, it is quite difficult to use graphite-
made elements for materials of higher melting points. The graphite
after-heater and two layers of alumina ceramic thermal isolation
were also applied in order to assure an appropriate temperature
gradient within the growth area. A schematic illustration of the
applied MPD thermal setup is shown in Fig. 1. The growth process
was performed at the pulling rate of 1.5 mm/min in the presence of
an inert (Ar) gas atmosphere. The obtained rod-shape crystals had
around 3 mm diameter and up to 60 mm length.

2.2. Irradiations and readouts conditions

For TL and OSL studies the as-grown crystals were cut into
smaller samples (having around 3 mm length). Samples had
different sizes, thus recorded data were recalculated by taking into
account the mass of each sample. Irradiations and readouts of in-
dividual samples were performed using the automatic Risø-TL/OSL-
DA20 reader, equipped with 90Sr/90Y beta source (the dose rate
around 67.4 mGy/s), blue LED stimulation module (470 nm) and
photomultiplier tube (EMI 9235QB). Detailed specification of the
reader and its performance was described by Bilski et al. (2014) and
Wr�obel et al. (2015). The TL signal was measured at the tempera-
ture range from 50 to 400 �C, at the constant heating rate of 2 �C.
The TL measurements were performed in argon atmosphere
(volumetric flow rate around 30 l/min). The CW-OSL and LM-OSL
curves were recorded over the time period of 40 and 80 s,
respectively, as TLM-OSL ¼ 2,TCW-OSL was suggested by Bulur (2000).
The OSL measurements were conducted at room temperature. A
luminescence signal recorded for the previously irradiated sample
during thermal and optical stimulation was additionally filtered
using the Hoya band pass U-340 filter which has a transmission
window between 300 and 400 nm.

2.3. Modes of data analysis

2.3.1. Deconvolution
One of the easiest way for TL/OSL data analysis is the integration

method. In this case the measured curves are integrated over a
specified range, which should correspond to the region of presence
of the dosimetric peaks in the TL or decay curve components in case
of the OSL. However, as it is shown in Fig. 2, glow curves of real
luminescent materials usually consist of several overlapping com-
ponents. Therefore, in such a case, more sophisticated methods of
analysis should be utilized, such as deconvolution. In this method,
the measured curve is deconvoluted into single components, what
is usually supported by computer programs, and basic kinetic pa-
rameters can be mathematically evaluated. This process is not al-
ways straightforward, because the number of single components is
not known in advance (using unlimited number of single compo-
nents the ideal fit of any curve can be achieved). An additional
problem arises when the single components strongly overlap, what
is rather common. Therefore, even if the cumulative curve fits
perfectly to the measured data, it does not necessarily mean its
correct deconvolution.

Among the computer programs, which are dedicated for
computerized glow curves analysis, the most commonly used are
Glow Curve Analysis (Delgado and Gomez Ros, 2001) and
commercially available PeakFit® (www.systat.com/products/
PeakFit/). Within this work the measured TL glow curves have
been deconvoluted into single first order components using GlowFit
software (Puchalska and Bilski, 2006). The measured CW-OSL data
have been analyzed using first order exponential decay curves,
which were fitted using Origin 8.5.1. software. In turn, the
measured LM-OSL curves were fitted with a linear combination of
the first order components, using the spreadsheet software pack-
age Microsoft Excel with add-in utility e Solver (Afouxenidis et al.,
2012). A fit quality was assessed by checking the FOM (figure of
merit) parameter, which is defined as follows:

FOM½%� ¼
P

ijyi � yðxiÞjP
iyi

� 100% (1)

where yi is the measured signal within the i channel and y(xi) is the
value of the fitted function in the middle of the i channel. One can
see that the FOM parameter achieves its minimum (¼0), when the
fitted function fits perfectly to the measured data. Therefore, the
lower the FOM, the better the fit quality.

2.3.2. Tm-Tstop
The main drawback of deconvolution method is that the num-

ber of individual components is not known in advance. The other
method whichmay give a reliable information about the number of
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Fig. 1. Panel A: a schematic illustration of the applied MPD thermal setup. Elements 1e6 are made of alumina (ceramic thermal isolation), 7egraphite after-heater, 8egraphite
crucible, 9emolybdenum overlay. Panel B: a water-cooled chamber of an inductive furnace.

Fig. 2. An exemplary result of the deconvolution performed for the studied LMP
crystal sample irradiated with the dose of 1 Gy.
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single components and their maxima is Tm-Tstop (McKeever, S.W.S.,
1985). This is a method of peak resolution which is commonly used
for complex glow curves analysis. The method consists of three
stages: (1) heating of a previously irradiated sample to a sufficiently
high temperature (Tstop) to readout almost the whole TL signal
(leaving only a residual signal corresponding to the highest tem-
perature TL peak), (2) rapidly cooling the sample to room temper-
ature and (3) reheating the sample at the same heating profile to
record all the remaining glow curve. The entire process is then
repeated using a slightly lower value of Tstop (decreasing in steps of
2e3 �C, approximately). The measured residual glow curves should
then be deconvoluted with the required number of glow peaks. For
the highest value of Tstop only one TL glow peakwill be required. For
the decreasing Tstop value the other TL peaks will appear consecu-
tively. This procedure gives the maximum temperature (Tm) of all
the glow peaks contained within the measured glow curve.
Nevertheless, one should remember that obtained Tm temperatures
may be different from the true positions of the peaks because of the
peaks overlapping. A plot of Tm vs. Tstop reveals a ‘staircase’ shaped
pattern where each region corresponds to the presence of an in-
dividual peak (Horowitz et al., 1999). Combining this method with
the initial rise analysis performed for all the remaining curves
measured during the Tm-Tstop procedure, one may obtain an ex-
pected range of the activation energies associated to each TL glow
peak (McKeever, S$W$S., 1985). Within this work the cut off criteria
for the initial rise analysis was 15% of the maximum peak intensity
according to Kivits and Hagebeuk (1977).
2.3.3. Variable heating rate
This method is based on effect that the temperature of the TL

peakmaximum shifts towards higher temperatureswith increasing
heating rate. A simple transformation of the first order kinetics
equation allows for obtaining a linear relation (Pagonis et al., 2006):

ln

 
T2m
b

!
¼ E

k$Tm
þ ln

�
E
s$k

�
(2)

where: Tm is a temperature corresponding to the peak maximum
and k is a Boltzmann constant. Plotting the ln(Tm

2 /b) as a function of
1/(k,Tm) one should obtain a linear function. Then, the trap depth
(E) and frequency factor (s) can be evaluated using the values of the
slope and intersection, respectively.
3. Results and discussion

In order to find out the number of single components contained
in the measured glow curves a Tm-Tstop method has been utilized.
The Tm-Tstop procedure was performed by decreasing the Tstop
temperature over the range from 623 to 353 K with a step of �2 K.
Then, all the measured glow curves have been deconvoluted using
GlowFit software and a required number of components. For the
highest Tstop value only one TL glow peak is required. By decreasing
the Tstop value the maxima (Tm) of consecutive TL glow peaks have
been revealed. Plotting Tm vs. Tstop a staircase pattern has been
obtained, as it is shown in Fig. 3. It has been found that seven single
first order components have a contribution in the entire measured
glow curve. The peaks maxima seem to be quite stable, although
some fluctuations (at the level of several K) are acceptable since the
heat transfer to the sample may be slightly different from readout
to readout and the measured curves cannot be normalized. It is
worth to note here that it was not possible to achieve a flat staircase
regions using a smaller number of components. This allows
expecting that a real number of single TL components, contributing
to the entire LMP glow curve, is not less than seven. For all the glow
curves, which were measured according to a detailed description
given in the Materials and Methods section, the initial rise analysis
has been performed and possible range of the activation energy for
all the analyzed glow peaks has been evaluated. All the results can
be found in Table 1.

The dose response for the LMP compound was investigated over



Fig. 3. A plot of Tm vs Tstop obtained for the studied LMP crystal sample according to a
procedure described in details in the Materials and Methods section.
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the dose range from 0.5 Gy to 1 kGy. All the measured glow curves
have been deconvoluted into seven single first order components
according to the results obtained with a Tm-Tstop analysis. The
GlowFit software was exploited for deconvolution. An exemplary
result of such a deconvolution is presented in Fig. 2, for the LMP
glow curve measured after the dose of 1 Gy. The amplitude of each
component changes linearly with increasing dose, what can be easy
found in Fig. 4A. The measured data points, for all the analyzed
glow peaks, form a straight lines of slopes close to the unity, what
indicates a linear response. Only the response of the least stable
peak 1 seems to be saturated for doses higher than about 250 Gy.
But this is probably related to the strong fading observed for the
analyzed samples within the first few hours after the irradiation.
Taking into account that the time needed to irradiate the samples
with the highest analyzed doses was counted in hours, the strong
fading might play a significant role in this case. All the fitted
components do not alter their temperature positions for increasing
radiation dose (see Fig. 4B), which confirms a first order kinetics.
The activation energies of peaks 1e4 remain almost constant over
thewhole analyzed dose range. In turn, for high-temperature peaks
5e7 some fluctuations of the activation energy have been observed.
All kinetic parameters evaluated with deconvolution method, on
the basis of the performed TL measurements, can be found in
Table 1.

The another method used for kinetic parameters determination
was a variable heating rate. The measurements were conducted
with 6 different heating rates (b): 1, 2, 4, 6, 8 and 10 K/s, after
exposure to the dose of 1 Gy. Because of the fact that the heat
Table 1
Comparison of kinetic parameters evaluated for the LMP crystal samples using Tm-Tstop,
column are the average values of all E values calculated for a given peak based on the initial
for the average energy value (third column) and average Tm value (second column).

Peak Tm-Tstop Combined with the Initial Rise analysis Deconvolu

Tm [K] Ea [eV] s [s�1] t [s] Ea [eV]

1 410 ± 1 0.76 ± 0.04 2.31$108 1.15$104 0.73 ± 0.02
2 435 ± 1 0.85 ± 0.08 7.34$108 5.69$105 0.60 ± 0.03
3 489 ± 2 1.10 ± 0.06 2.32$1010 3.59$108 0.84 ± 0.02
4 512 ± 2 1.14 ± 0.02 1.68$1010 2.42$109 0.80 ± 0.02
5 538 ± 2 1.09 ± 0.04 1.42$109 3.95$109 0.93 ± 0.03
6 577 ± 2 0.86 ± 0.09 1.95$106 3.18$108 1.11 ± 0.03
7 606 ± 2 0.67 ± 0.08 1.58$104 2.12$107 1.23 ± 0.02
transfer between the heater and sample is not perfect, correction
for a temperature lag was applied, according to a description given
by Kitis and Tuyn (1998). The obtained results are shown in Fig. 5.
The measured data were fitted with a linear functions, the slop of
which corresponds directly to the energetic depth of a given trap
(also marked in Fig. 5). The obtained results can be also found in
Table 1.

Comparing the results obtained with all methods applied for
data analysis (see Table 1) one can see discrepancies ranging even
up to 50%. These may result from imperfections of all the applied
methods. A frequency factor was calculated on the basis of the
heating rate (known), temperature of peak maximum (evaluated
with deconvolution method) and activation energy (calculated in
case of variable heating rate method, fitting parameter in decon-
volution method and evaluated on the basis of the slope in the
initial rise method) according to the well known equation:

bE
kT2m

¼ s$exp
��E
kTm

�
(3)

This exponential function clearly indicates that any errors in E
will be strongly magnified when s is calculated. This indicates that
the sources of such high discrepancies in the evaluated s values
should be probably sought in the differences of the E values ob-
tained using different methods of data analysis. It can be seen from
the obtained results that the initial rise method gives similar E
values as the deconvolution for low-temperature peaks. In turn, for
high-temperature peaks the results of E obtained from the variable
heating rate method are similar to those from the deconvolution. It
should be noted here that in variable heating rate method the ob-
tained values of the activation energy may not be reliable, because
of the thermal quenching, which the influence on the obtained
results is higher for higher heating rates. Also the correction
function for temperature lag may not fully reduce this effect,
especially in case of higher heating rates. In case of the initial rise
method, the value obtained from the slope of the remaining glow
curve, previously heated to a specified temperature, can be strongly
influenced by the contribution of overlapping peaks. In turn, in
deconvolution the activation energy constitutes one of the fitting
parameters, so the errors may depend on the fitting procedure.
Nevertheless, one may conclude that all these methods of data
analysis yield similar E values but one cannot be sure which values
are most reliable. Credibility of the obtained results may be
assessed (qualitatively) by calculating a decrease in the area under
the whole glow curve for the two weeks fading time, using the
estimated trapping parameters, and comparing the results with
previous work (Kulig et al., 2016a). For the estimated trapping pa-
rameters the lifetime t for particular peaks has been calculated (see
Table 1). The area under thewhole glow curvewas 75, 31 and 15% of
that measured immediately after the irradiation for the initial rise,
deconvolution and variable heating rate methods, respectively.
deconvolution and variable heating rate methods. The values of E reported in third
risemethod. Frequency factor values reported in fourth column have been calculated

tion Variable Heating Rate

s [s�1] t [s] Ea [eV] s [s�1] t [s]

1.10$109 3.27$103 0.39 ± 0.01 6.52$103 7.83$102

8.50$106 2.46$103 0.48 ± 0.01 3.99$104 4.52$103

2.63$108 1.07$106 0.65 ± 0.01 5.92$105 2.56$105

4.69$107 1.23$106 0.69 ± 0.01 6.89$105 1.07$106

2.79$108 3.56$107 0.83 ± 0.01 5.27$106 3.59$107

2.85$109 4.34$109 1.05 ± 0.01 2.35$108 4.89$109

8.45$109 1.70$1011 1.16 ± 0.01 6.06$108 1.48$1011



Fig. 4. Panel A: the dose-response characteristic for the first order components fitted
to the measured LMP TL glow curves. Panel B: Maximum peak temperature vs. dose
dependence evaluated for the fitted components.

Fig. 5. Plot of ln(Tm2 /b) as a function of 1/(kB·Tm) obtained with a variable heating rate
method for TL glow peaks of the LMP crystal sample.
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Comparing these results with 69% obtained by Kulig et al. (2016a)
for the same LMP compound one may conclude that Tm-Tstop
method combined with the initial rise analysis gives the most
reliable values of kinetic parameters.

A CW-OSL curve follows first order kinetics if it is possible to
express the curve by a single decaying exponential and the decay
constant is always independent of radiation dose. In this work, in
case of the optical stimulation, three exponentially decaying first
order components were needed to fit the CW-OSL curve with R-
square parameter of 0.999. An exemplary result of such a decon-
volution is shown in Fig. 6A, for the CW-OSL curve measured over a
time period of 40 s, after exposure to the dose of 100 Gy. It was also
found that decay constants of these three components are inde-
pendent of radiation dose, within calculated uncertainties (see
Fig. 6B). This indicates that the components follow first order
kinetics.

Similar conditions must be satisfied for the LM-OSL curves. In
this case, the curves were measured for 80 s, for irradiations with a
broad range of radiation doses. The background of non-irradiated
sample was measured in the same conditions. This curve (linearly
increasing LM-OSL curve) was subtracted from the other data as a
Fig. 6. Panel A: a CW-OSL curve, measured for the studied LMP crystal sample,
deconvoluted into single first order components using Origin 8.5.1. software. Panel B:
decay constant vs. dose dependence evaluated for the fitted components.



Table 2
Kinetic parameters evaluated for individual first order LM-OSL components. tm e

time of peak maximum, b e detrapping probability, s - photoionization cross-
section.

Component tm [s] b [s�1] s [cm2]

C1 7.26 1.519 0.80$10�17

C2 15.85 0.319 1.68$10�18

C3 44.20 0.041 2.16$10�19
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background. The measured curves were fitted with a linear com-
bination of a components expressed by a first order kinetics
equation (Kitis and Pagonis, 2008). An exemplary result is pre-
sented in Fig. 7A. Time (tm) corresponding to the peak maximum
depends on detrapping probability (b) and total illumination time
(T). A relationship between these parameters is following:
tm ¼

ffiffiffi
T
b

q
. Then, a photoionization cross-section (s) can be evalu-

ated using b ¼ J·s formula, where J is a maximum stimulation
photon flux (J ¼ 1.7$1017 photons$s�1$cm�2 for parameters used in
the experiment). Analysis of the measured LM-OSL curves revealed
three first order components that have to be used to achieve an
acceptable fit quality (FOM < 2%). The amplitudes of the compo-
nents change linearly with increasing doses. It was also found that
the values of tm for each component are independent of radiation
dose (see Fig. 7B), what confirms a first order behavior. Collected
data were also utilized for calculation of the photoionization cross-
section and detrapping probability. One can see that these two
kinetic parameters decrease for the components of higher time of
peak maximum (tm). All these results can be found in Table 2.

A direct comparison of the results obtained within this work
with works of other groups is not possible because of the
Fig. 7. Panel A: the LM-OSL curve, measured for the studied LMP crystal sample,
deconvoluted into single first order components using spreadsheet software package
Microsoft Excel with add-in utility e Solver. Panel B: a time of peak maximum vs. dose
dependence evaluated for the fitted components.
differences in the studied material, its form, preparation technique,
readout conditions, dopants, shapes of themeasured curves etc. For
example, Dhabekar et al. (2011), whowas working on the LMP:Tb,B,
analyzed five single TL components for this modification of the
LMP. The shape of the LMP:Tb,B glow curves is different from this
analyzed within this work for the undoped samples (the most
prominent peak at around 673 K), but kinetic parameters evaluated
for the first two components are comparable (Tm1 ¼ 405 K,
Ea1 ¼ 0.91 eV, Tm2 ¼ 429 K, Ea2 ¼ 0.83 eV). Gai et al., 2015 analyzed
three single TL components for the LMP:Eu,Sm,B. Again, the
measured glow curves consist of the most prominent peak at
around 620 K (Ea ¼ 1.34 eV) and two low-intensity low-tempera-
ture peaks at around 420 K (Ea ¼ 0.76 eV) and 500 K (Ea ¼ 0.67 eV).
This shows that even small changes of chemical composition (small
amounts of dopants) of the LMP compound cause significant
changes in the distribution of TL/OSL-related structure defects,
what is strongly manifested in the shape of glow curves and values
of trapping parameters.

4. Conclusions

Using the MPD crystal growth method, crystals of the LMP
compound have been prepared and basic kinetic parameters have
been evaluated for the TL and OSL curves measured over a broad
range of doses. Performing the Tm-Tstop analysis, the temperatures
of a maximum TL intensity for seven single components have been
found out. The expected range of activation energies associated to
each single component has been determined by the initial rise
analysis. Using the deconvolution method it was shown that both
the OSL and TL response of the LMP compound does not follow first
order kinetics directly, but can be easily expressed in the form of a
linear combination of several first order components. The ampli-
tudes of these single components change linearly with increasing
doses. Values of the activation energy evaluatedwith all the applied
methods are comparable. The relatively small differences in E are
reflected to a huge differences of s (because of the exponential
function). The observed differences may be related to the imper-
fections of the applied modes of data analysis. This implies that
more detailed investigations are needed to achieve accurate results.
By calculating a decrease in the area under thewhole glow curve for
the two weeks fading time, using the estimated trapping parame-
ters, and comparing the results with previous work one may
conclude that Tm-Tstop method combined with the initial rise
analysis gives the most reliable values of kinetic parameters.
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