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Abstract This paper presents the main dosimetric char-
acteristics and kinetic parameters of a newly proposed
borate glass dosimeter modified with lithium and magne-
sium oxide (LMB) and co-doped with Dy,0; and P,Os.
Dosimetric features include thermoluminescence (TL)
glow-curve, annealing procedure, TL sensitivity, photon
dose response, fading, reproducibility, minimum detectable
dose, kinetics order, activation energy (E) and frequency
factor (s). The proposed dosimeter exhibits simple glow
curves, good linearity from 0.01 up to 4 Gy, easy anneal-
ing, excellent reproducibility and minimal fading. These
attractive features will pave the way to its use in radiation
dosimetry.
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Introduction

Definitely, many thermoluminescence (TL) parameters are
essential to accurately evaluate the efficiency of any
dosimeter. These parameters include the simple glow
curve, the effective atomic number (Z.), dose linearity,
good sensitivity, fading and stability in varying climatic
conditions. Despite the usage of several materials as TL
phosphors, novel functional materials with superior dosi-
metric performance are far from being achieved. In this
regard, borates are attractive due to their tissue equivalent,
good linearity, high sensitivity to external dose, low cost
and easy preparation [1]. Conversely, the hygroscopic na-
ture of borate glass negatively affects its performance.
Intensive research has been dedicated in improving the
stability and enhancing the sensitivity by adding different
types of metals (alkali/alkaline earth) as modifiers, transi-
tion metals, and rare earth(s) as dopants (co-dopants) [2-5].
In spite of many efforts, the effects of phosphorus
(P) concentration as co-dopant on the thermoluminescent
properties of LMB:Dy glass are far from being understood.

Previous studies showed the efficiency of lithium as
modifier, which created large number of non-bridging
oxygen sites (vacancies) and improved the strength of the
host. In contrast, the lithium ions do not have a direct effect
on luminescence activation because of their closed struc-
ture with no energy levels within 10 eV [6, 7]. It is
established that the addition of magnesium oxide to lithium
borate increases the strength of the glass and enhances the
electron emission. MgO (alkaline earth oxide) incorporated
lithium borate glasses are considered as good materials for
dosimetry applications since this composition is relatively
moisture resistant as compared to pure borate glasses [6].
Several studies reported the properties of borate glass
doped with rare earths [4, 5, 8-13]. Dysprosium oxide
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being one of the most efficient rare earths is exploited to
improve the TL properties of borate glasses [12].

The current study aims to explore different TL features
and kinetic parameters of dysprosium and phosphor oxides
co-doped borate glass that is modified by lithium and
magnesium oxide (LMB). These features include glow
curve, reproducibility, linearity, sensitivity, fading, effec-
tive atomic number and kinetic parameters.

Materials and methods

The current samples were prepared by mixing a stoichio-
metric amount of boron oxide with LMB. Dysprosium and
phosphorus oxide were added to the admixture as a dopant
and co-dopant, respectively. All chosen reagents were
distinguished with high purity (at least 99.99 %, Sigma
Aldrich Co., USA). The composition was ground and
thoroughly stirred mechanically for 30 min to get high
uniformity before placing the admixture (in an alumina
crucible) inside an electrical furnace operated at 1200 °C
for 60 min for complete melting. The selection of this
composition is based on previous researchers [14] who
used optimization at 30 Li,O-70 B,O5 to obtain the best
TL response. In present work, we optimized the best con-
centration of LMB by replacing Li,O with MgO at various
concentration based on their TL response. The nominal
compositions of the glasses are:

I. 10 MgO-20 Li,O—(70—x) B,03—x Dy,0;, 0.3 <
X <1 and

II. 10 MgO-20 Li,0-(69.5—y) B,03-0.5 Dy,03-y
P,O5, 05 <y <15

The chemical compositions and glass codes are sum-
marized in Table 1.

Irradiation and reading process

The irradiation and reading processes were performed in
the Secondary Standard Dosimeter Laboratory (SSDL) at

Table 1 Chemical compositions of the glasses with codes

Glass codes Composition (mol%)
leO B203 MgO Dy203 P205

S1 20 69.7 10 0.3 0

S2 20 69.5 10 0.5 0

S3 20 69.3 10 0.7 0

S4 20 69.0 10 1.0 0

S5 20 69.0 10 0.5 0.5
S6 20 68.5 10 0.5 1.0
S7 20 68.0 10 0.5 1.5
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the Malaysian Nuclear Agency. The ®°Co source was used
in irradiation process with a dose rate of
36.864 mGy min~"'. The reading process was conducted by
using the TLD reader 4,500 from Harshaw. Readings were
obtained after 24 h of irradiation to reduce the spurious TL
signals with heating rate of 5 °C s™'. The samples were
stored at the room temperature in dark place to evade any
effect of background light. Three samples were used for
obtaining each experimental data point, where the average
and standard deviation were calculated.

Results and discussion

The X-ray diffraction as shown in Fig. la, b presented a
broad peaks confirmed the amorphous nature of the pre-
pared glasses samples. The complete absence of any sharp
peaks further verified their disordered nature.

TL glow curve

The effects of Dy,05 and P,Os on the TL intensity of LMB
were investigated in three stages. The first stage was
executed to explore the TL of a pure sample (LMB). Fig-
ure 2a displays the glow curve of the pure sample that
show a prominent peak placed at 180 °C after 3 Gy irra-
diation. This TL emission may be attributed to recombi-
nation between the excited electrons from the valence band
and the defects produced after irradiation in the material
[15]. The second stage exhibits the effect of different
concentration of Dy,03 on the TL glow curve as shown in
Fig. 2b. The addition of Dy,0; on LMB enhances the in-
tensity by 98 times more than that of pure LMB. This
enhancement synchronized with shifting of 7;,, toward high
temperature (190 °C) with optimum intensity at 0.5 % of
Dy,03. The reduction in the TL glow curve intensity be-
yond 0.5 mol% is majorly ascribed to the concentration
quenching theory [16]. Lastly, the effect of the co-dopant
P,Os on the TL glow curve intensity was determined as
depicted in Fig. 2c. The TL intensity gradually enhances
by a factor of 2.5 with the increase of P,Os concentration
up to 1 mol% and then quenched beyond this value, ac-
companied with shifting in maximum temperature (7,,,) to
220 °C. However, no significant influence was reported in
general shape of the glow curve with the increase of Dy’
and P concentration. This behavior is ascribed to a con-
centration-independent character where the P impurities
are cross linked with the Dy,05 defect [17]. Meanwhile,
the position of T,, was shifted towards higher temperature
with the addition of P. This observation is attributed to the
ability of P ions to create deeper traps in the host [3].
Following Porwal [11] and Annalakshmi [18], the TL
mechanism in the proposed dosimeters are explained. They
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Fig. 2 TL glow curve of a pure LMB b LMB doped with different concentrations of Dy,O3; ¢ LMB co-doped with 0.5 mol% Dy,05 at different

concentrations of P,Os
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identified the defect centers such as borate radical (BO3)2_
and oxygen vacancy (Oy,) which are formed during gamma
irradiation and established a mechanism for the TL process.
Based on this assumption, the current TL peaks can be
explained via the process of:

(i)  TIrradiation yields, LMB: Dy** — (BO;)*", (O;)
and
(i) Heating causes,

(BO3)* — (BO3)’” +h,
[0)]” +h — [0,]"= Dy**" — Dy** + hv.

After gamma ray irradiation in LMB: Dy, (BO5)*~, Oy)
radicals were formed. In the reading process (heating treat-
ment), the borate radical released the hole which in turn re-
combined with the trapped electron at the oxygen vacancy
resulting in the release of recombination energy. Then the
energy released from Dy recombination essentially excited
the Dy ions and originates TL glow curve. The TL features of
the Dy>" dopant in LMB phosphors can be understood in
terms of the non-radiative energy transfer from the excited
oxygen vacancy-related defects to the nearby Dy>" ions. The
addition of P,Os as co-dopant acts as activator for dysprosium
oxide sensitization. There are two explanations that were
drawn in the quest to understand the behavior of P,Os as a co-
dopant with Dy,Os. Firstly, the energy transferred from the
Dy ions caused the phosphor to be in an excited state, upon
which, the energy may be transferred from the P ions to the
Dy”" ions, that way bringing it to the ground state. Secondly,
the continuous increase of phosphorus created a reverse effect
on the intensity of the peaks which results from the effect of
the saturation quenching [19].

Annealing procedure

The estimation of pre-irradiation heat treatment of the
LMB:Dy,P dosimeters was performed. This procedure
was used to synchronize a appropriate temperature and
time to remove the influence of prior exposure without
producing damage or thermal strain on the dosimeter. The
appropriate annealing will improve the TLD sensitivity by
re-stabilizing the hole and mixture traps. In the current
research, the annealing procedure was executed by using
20 samples for different annealing temperature and then
gamma irradiated with 3 Gy by performing fixed time as
shown in Fig. 3. The highest TL response with the lowest
standard deviation was attained at 300 °C. After that, the
temperature was fixed at 300 °C and the annealing time
was varied as demonstrated in Fig. 4. The best pre-irra-
diation annealing for the new proposed dosimeter was
300 °C for 30 min, and it appears suitable and adequate
to recover the original TL sensitivity.
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Fig. 4 Annealing time dependent variation in TL intensity for S6

Table 2 TL sensitivity from earlier reports

Reference Sensitivity

Saidu et al. 2014 [21]
Hashim et al. 2014 [19]
Alajerami et al. 2012 [3]
Aboud et al. 2014 [2]

16 times less than TLD-100
17 times less than TLD-100
15 times less than TLD-100
Less than TLD-100

TL sensitivity

McKeever [20] reported two formulas to express the sen-
sitivity of TL materials: (i) TL yield to the mass of a
dosimeter or (ii) TL yield to the mass and absorbed dose of
a dosimeter. In the current study, the TL sensitivity was
expressed as glow curve area per unit of mass dosimeter
and per unit of ¥ ®°Co (TL g~! Gy ™). The acquired results
were benchmarked relative to the sensitivity of TLD-100.
The TL sensitivity of LMB:Dy,P was around 2.5 times
greater than that of LMB:Dy and 18 times lesser than the
TLD-100 sensitivity. Table 2 displays the results of TL
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sensitivity from previous studies where the glass was pre-
pared by using melt-quenching method.

Photon dose response

Figure 5 shows dose dependence of LMB:Dy,P within the
dose range of 0.01-4 Gy. The obtained results display
excellent dose linearity with a linear correlation coefficient
of 0.998. The y-axis represents the averages of mass-nor-
malized TL yield readings. Where the error bars represent
propagated errors corresponding to 1o for three different
samples. This feature supports the current dosimeter to
candidate in the personal radiation monitoring.

The normalized dose response (linearity index) is de-
fined as:

TL(D)/D

= TL(D)/Ds M

f(D)
where TL(D) is the dose response at a dose D and D is the
lowest dose at which the dose response is linear. Figure 6
shows the linearity index of current dosimeters. The ideal
TLD material has f{D) equal to 1 in a wide dose range. Our
results clearly confirm the linear behavior.

Reproducibility

The reproducibility of the LMB:Dy,P dosimeters was
achieved by repeating the reading cycle at two different
doses (1 and 4 Gy). The main objective of this process was
to demonstrate the significance of oven annealing at high
doses. This process is carried out via two steps. Firstly,
samples were annealed with external oven annealing, ir-
radiated, and then reading as follows: oven anneal-
ing — irradiation — readout. To confirm the stability of
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Fig. 5 Dose response of S6 subjected to photon irradiation at 0.01 up
to 4 Gy
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Fig. 6 The linearity index f{D), plotted against the dose for S6

TL intensity, the procedure was repeated ten times. Se-
condly, the annealing was carried out by using an external
oven only one time (before the first irradiation) and then
the TL intensity was determined as follows: irra-
diation — readout (without annealing between the first and
the second readout). The procedure was repeated ten times.

Figure 7a, b illustrate the reproducibility of 10 repeated
cycles at irradiated doses of 1 Gy, with and without oven
annealing, respectively. At lower doses (1 Gy), it is evident
that the readout annealing is sufficient to eliminate all
previous signals and restore the sensitivity of the dosimeter
with 2.2 % readings variation and 3.0 % without oven
annealing. Figure 8a, b show the reproducibility at high
dose (4 Gy), with and without oven annealing, respec-
tively. The readout annealing is inadequate to eliminate all
previous signals and restore the sensitivity of the dosime-
ter, hence the oven annealing is recommended and shows
little variation of 2 %. From our findings, we suggest to
anneal the glass dosimeters with dose of 4 Gy at 300 °C for
30 min prior to use.

Minimum detectable dose (MDD)

It is also known as the lowest level of detection. According
to Furetta [22], the MDD can be calculated from following
Eq. (2):

D, = (B* + 20p)F (2)

where B is the mean TL background signal obtained from
the samples annealed without irradiating, op is the standard
deviation of the mean background and F is the calibration
factor (Gy TL_I). Regarding LMB:Dy,P, the B* is
2.01 nC, op is 0.33 nC and F is 0.0000198 Gy nC~'. The
MDD will be:

Dy = 0.52 uGy

@ Springer
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Fading

To determine the thermal fading features of LMB:Dy,P, a
number of proposed samples were annealed and irradiated
with a gamma dose of 3 Gy. The proposed samples were
stored in dark conditions at room temperature to reduce the
effect of background light. The readouts were started after
24 h of exposure and continued up to 90 days of irra-
diation. All measurements were performed under the same
conditions. The obtained results confirmed a very small
reduction of the TL response during the elapsed period of
time. As displayed on Fig. 9, the thermal fading features of
the LMB:Dy,P are less than 19 % after 3 months. The
fading of the proposed dosimeter was compared with

@ Springer

previous studies and it showed minimal fading as the one
obtained in references [2, 21].

The findings regarding the fading effects from other
researchers are listed in Table 3.

Effective atomic number (Z.g)

The interaction of radiation with matter divides into three
types (Photoelectric effect, Compton scattering and pair
production). These interactions depend on energy range. In
low energy range (20-100 keV), the photoelectric is
dominant and it depends on the third power of the atomic
number. Thus, the response for high atomic number ma-
terials will be higher in that region of energies [20]. The
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Table 3 The results on fading from earlier studies

Reference Fading

Alajerami et al. 2012 [3]
Saidu et al. 2014 [21]
Aboud et al. 2014 [2]

18 % after 90 days
17 % after 15 days
12 % after 60 days

Z.gr 1s very significant in radiotherapy for calculating the
treatment dose in cancer patients, and to assist dose eval-
uation during personal monitoring. Faiz suggested to use
Eq. 3 to calculate the Z.¢ [23]:

Zest = (7™ + 03" + 023 + .+ 01125'94)1/2'94
(3)

where a;, a,..., are the fractional contents of electrons
corresponding to the elements Z,, Z,,..., respectively. The
new proposed material exhibits a nearly tissue equivalent
~9.05, which is highly recommended for medical appli-
cation purposes [24].

Kinetic parameters

The trapping levels are responsible for the position, shape,
and intensities of the glow peaks [25]. The TL dosimetric
properties mostly rely on the kinetic parameters of the glow
peak. Any dosimetric studies of TL material should have
enough information about its kinetic parameters. The ki-
netic parameters provide worthy information about TL
mechanism that is responsible for glow curve formation.
The most important of kinetic parameter are activation
energy (E) or trap depth, frequency factor (s) and the ki-
netic order (b). In this study, the activation energy and
frequency factor were determined by Peak Shape (PS) and
Initial Rise (IR) methods.

Peak shape method (PS)

The peak shape method is generally known as Chen’s
method [26], which is utilized to evaluate the kinetic pa-
rameters i.e. (order of kinetic, activation energy and fre-
quency factor) of the created glow peak. This method
depends on the temperatures T, T; and 7T,, where T,
represents the peak temperature, 7, and 7, represent tem-
peratures at full width half maximum of the glow curve
peak [27]. Figure 10 shows the glow curve and obligatory
values for PS of LMB: Dy,P. The PS is primarily utilized to
calculate the geometric factor () and the order of kinetics
(b). The geometric factor can be calculated by using two
formula:
Chen formula 1969 [26]:

Yé - Y}H
== — 4
Me=T 7 (4)
Balarin formula 1975 [28]:
T, — Th
Mo=7—7 )

The 1, value for first order is between 0.7 and 0.8 and
for the second order it is approximately 1.05-1.20. The g,
for dosimeters LMB:Dy,P is 1.37. These results give an
indication that the current compositions obey the second
order kinetic. To confirm the kinetic order, Balarin [29]
derived the following formula (6):

b = 0.0365 x 10*9*# (6)

where b is 1.75 for LMB:Dy,P, this value confirmed second
kinetic order.

The activation energy was acquired by Chen’s Eq. (7)
[26]:

172

TL Intensity

100 200 300 400

Temperature (°C)

Fig. 10 The required parameters of S6 using the peak shape method
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kT2
E = €= = b2k, (7)

where y represents value 7, 4 and w as shown in Fig. 10,
the C, and b, values can be obtained from following Eqgs.
(8-10):

C.=1.51+3(u, —0.42),b, = 1.58 4 4.2(p, — 0.42)

(8)
Cs = 0.976 + 7.3 (1, — 0.42),b5 = 0 9)
Co =252+ 10.2(, — 0.42), b, = 1 (10)

From this value, the frequency factor (s) can be calcu-
lated of following Eq. (11) [26]:

k%:s[w(b—l)zkgm} ew(—%) (11)

where ‘b’ and f represents order of kinetics and the linear
heating rate, respectively. The activation energies and
frequency factors are listed in Table 4.

Initial rise method

In 1948, Garlick and Gibson proposed a simple method to
evaluate activation energy (E) and frequency factor (s) in
TL material [27]. The initial rise method is based on the
hypothesis that in the initial part of the TL glow curve
T << Ty, where Tp, is the maximum peak temperature, the
rate of variation of the trapped carrier population is tiny.
This hypothesis is applicable for temperatures up to a cut-
off temperature, corresponding to an intensity that is
smaller than 10-15 % of the maximum intensity [20]. This
method is valid when the glow curve is a well defined and
obviously separated peak.

According to Eq. (12), TL intensity / is proportional to
exp(—E/kT) and the plot of In(/yy) versus 1/kT gives a
straight line. From the slope, the activation energy E can be
acquired. This method depends on temperature. Figure 11
shows the relation between In(Iy) versus 1/kT.

—-E
I(T)=C — 12
(1) = coxn L7 ) (12)

According to Rawat [30], the frequency factor can be
calculate by using the intercept I obtained from the Fig. 11
and substitution it in Eq. (13):

Table 4 The values of activation energy and frequency factor for
LMB:Dy,P using different method

Method Activation Frequency
energy (eV) factor (s7h)

Peak shape method 0.830 5.53 x 107

Initial raise method 1.020 4.47 x 108
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s = antilog(I — InA — (b — 1) In(no/N)) (13)

where b represents the order of kinetic, A represents the
area under glow curve, N represents the total concentration
of traps and n, represents the initial concentration of
trapped electrons. The equation can solve by assumption
the ratio of ny/N = 1 (in the saturation case). Hence the
term for s will be:

s = antilog(/ — InA — 1) (14)

The kinetic parameter values obtained for LMB: Dy,P
are given in Table 4. The activation energies of prepared
dosimeters are determined from the slope of the Fig. 11
and the frequency factor s values are determined from
Eq. (14).

Conclusion

Significant dosimetric features for a newly proposed TL
dosimeter were determined. The current study exhibited
promising results for borate glass modified by lithium and
magnesium oxide and co-doped with dysprosium and
phosphorous oxide. The incorporation of P,Os as a co-
dopant enhanced the TL intensity by a factor of 2.5 with
shifting of T}, toward a high temperature (220 °C). This
enhancement is ascribed to the ability of P,O5 to create
new electron traps and activate the ground state of the
luminescence centers by raising the energy levels of the
surrounding oxygen ions to the top of the valence band. It
is envisaged that the proposed dosimeter demonstrates a
simple glow curve with a single prominent peak at 220 °C,
an easy annealing process, good dose linearity and excel-
lent reproducibility. The dose response is observed to be
linear up to 4 Gy subjected to photon irradiation. The ef-
fective atomic number (Z.; =~ 9.05) obtained was nearly
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tissue equivalent. The TL sensitivity of LMB:Dy,P was
approximately eighteen times less than that of LiF:Mg,Ti
(TLD-100). The phosphor LMB:Dy,P obeyed the second-
order kinetics in TL studies. The trapping parameters of
LMB:Dy,P phosphor were calculated by two methods i.e.
PS and initial raise method. A small variation between the
activation energies and the frequency factors calculated by
different methods are evidenced. Consequently, these
methods depend on different factors. From the simple band
model of luminescence, it follows that fading is small if the
electron traps, which produce luminescence excitation
centers, have a sufficiently large energy depth. The acti-
vation energy values obtained by two method that possess a
adequately large energy depth [31]. It was concluded that
the proposed dosimeter has great potential to be used in
radiation dosimetry.
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