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H I G H L I G H T S

• Four different compositions of the dysprosium doped lithium magnesium borate glasses system are investigated.
• Various factors for selected glasses system is calculated using the five-parameter geometric progression fitting method.
• The G-P fitting method is beneficial technique for low-Z as well as high-Z element materials

A B S T R A C T

The buildup factor is becoming a required parameter for exposure and energy absorption
in the area of radiation physics for shielding, dosimetry, health physics and medical
physics. In this research, photon buildup for dysprosium doped lithium magnesium
borate glasses system has been investigated. Photon energy absorption buildup factors
and photon exposure buildup factors were computed for the chosen glasses using the
five-parameter geometric progression fitting method in energy range of 0.015 MeV
to 15 MeV. Also, effective and equivalent atomic numbers were calculated for these
compositions and discussed for possible implementation in radiation dosimetry.
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1 Introduction

Radiation dosimetry plays a significant role in the area of
medicine to safeguard both sick and personnel from be-
ing exposed to unnecessary radiation, for example in ra-
diotherapy where great doses of radiation are delivered.
A thermoluminescent dosimeter is a type of radiation
dosimeter, consisting of a piece of a thermoluminescent
crystalline material inside a radiolucent package. Also,
thermoluminescence dosimetry is probably the most ex-
tensively applied technology for appraising the private and
environmental radiation exposure (Cameron et al., 1968).
In fact, thermoluminescence is a type of luminescence that
is demonstrated by determined materials when previously
absorbed electromagnetic energy or ionizing radiation is
re-emitted as light upon heating. Specially, thermolumi-
nescence may be the creation of light from the recom-
bination of de-trapped electrons which are released from
the stable valence states to the unstable conduction lev-
els. Therefore, precise understanding of quantities such
as energy buildup factor (EBF) and energy absorption
buildup factor (EABF) of thermoluminescent dosimetric

(TLD) materials and their alteration with energy is ex-
tremely significant for dosimetric applications. To derive
the EBF and EABF in the composite materials should re-
ally be known (Harima, 1983; Singh et al., 2014a; Singh
and Badiger, 2015).

In recent years, several dosimetric materials have
been expanded to make sure precise determination of the
dose received because of radiation exposure from medi-
cal sources, with few materials having the necessary tissue
equivalent properties (Ramli et al., 2015; Jung et al., 2003;
Kortov, 2007; Kumar et al., 2016; Junot et al., 2014).

Although, different authors have been investigated ra-
diation thermoluminescent dosimetric of various manufac-
tured materials, such as polymers, bricks, concrete, tiles,
clay materials, superconductors, and alloys, but, thermo-
luminescence glass materials doped with rare earth ions
and/or transition metal ions now play important roles
in the field of radiation detection (both fundamental and
practical research) including nuclear power generators, ra-
diation oncology, personal and environmental monitoring
and geological dating. Therefore, increasing the lumines-
cence specifications of rare earth doped borate glasses is
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the key issue in attaining a precise dosimeter. In recent
years, intensive investigations are carried out to compre-
hend the workmanship of thermoluminescence and photo-
luminescence from different rare earth doped glass hosts
(Laopaiboon and Bootjomchai, 2015; Ab Rasid et al.,
2015; Omar et al., 2016). Because, borate glass is recog-
nized as one of the greatest hosts for transition and rare
earth metals. Conversely, the limitations connected with
the physical attribute of borate network may be overcome
by combining alkali/alkaline earth metals. Also, lithium
is among the excellent modifiers that operate as a defi-
ciency creator and consequently decreases the hygroscopic
nature of the host. In addition, the interpolation of mag-
nesium and dysprosium oxides extremely reinforces the
chemical stability of boron oxide that will be helpful for
diverse technical applications. Further, borate compounds
display better reply to ionizing radiation, low expunction
and a promising effective atomic number equal to human
tissue. Many efforts are allocated to examine the role of
dysprosium as a luminescence activator in dosimeters, see
(Kumar et al., 2016; Omar et al., 2016; Mhareb, 2015;
Hashim et al., 2015, 2019; Fernandez et al., 2016).

On other hand, different authors have applied the G-
P fitting manner to distinguish the photon buildup factor
for thermoluminescent dosimetric (Manohara et al., 2010;
Kucuk et al., 2013), dosimetric materials (Mann et al.,
2012), gel dosimeters (Singh and Badiger, 2014), heavy
metal oxide glasses (Manohara et al., 2011), and nuclear
track detectors (Singh et al., 2015).

These studies on buildup factors about the low- and
high-Z elements including materials display that the G-
P fitting method is beneficial technique for low as well
as high-Z element materials. After preface of buildup of
photon in the interacting medium, the buildup factor is
becoming a required parameter for exposure and energy
absorption in the area of radiation physics for shielding,
dosimetry, health physics, and medical physics.

Therefore, in the present work, the photon energy ab-
sorption buildup factors and photon exposure buildup fac-
tors of Dy2O3 doped Li2O-MgO-B2O3 glasses are cal-
culated to provide useful information in application of
dosimetry material.

2 Theoretical background

There are many works about mass attenuation coeffi-
cients and effective atomic numbers for thermoluminescent
dosimetric materials (Shivaramu and Ramprasath, 1999;
Kaginelli et al., 2009; Önder et al., 2012; Gowda et al.,
2004). In recent years, some new thermoluminescent ra-
diation dosimetric materials have been detected (Al-Hinai
et al., 2013).

In narrow-beam absorption experiments with no scat-
tering effects, and according to the Beer-Lambert law, this
attenuation may be written for gamma photons that pass
from a glass sample from the fundamental expression and
the intensity of the emerged photons or intensity of trans-
mitted photons, I, is written as:

I = I0 e−µt (1)

where I0 is the intensity of incident photons, t is the glass
thickness in cm, I/I0 is called the transmission factor, and
µ (in cm−1) is the linear attenuation coefficient of the ma-
terial in Eq. (1). However, a buildup factor, B, is needed
for broad beam, polychromatic and thick materials. Now,
the corrected Eq. (1) is written as:

I = B I0 e−µt (2)

We can define the mass attenuation coefficients for the
TLD composition by using mixture rule as following (Jack-
son and Hawkes, 1981):

µm = (
µ

ρ
)material =

∑

i

ωi(
µ

ρ
)i (3)

where ωi is the weight fraction of the ith constituent el-
ement or the ration of the ith element in the glass, ρ (in

g.cm−3) is density, and (
µ

ρ
)i is the mass attenuation coef-

ficient of the ith element from NIST Standard Reference
Databese in Unite States.

µm is a gauge of possibility of interaction that hap-
pen between incident photons and matter in a given mass-
per-unit area thickness of the material encountered. It is
an essential quantity applied in the computing of photon
permeation and energy deposition in shielding, biologi-
cal and other dosimetric materials. The average atomic
cross-section or effective cross-section, σa, of the sample
is calculated as following (Dong et al., 2019):

σa(barn/atom) =
µi
NA

∑
i niAi∑
i ni

; M =
∑

i

niAi (4)

where M is the molecular weight of the sample, NA is the
Avogadro’s number, ni is the fractional abundance of the
element i, and Ai is the atomic weight the ith element.

The total electronic cross-section, σe, of the glass is
obtained as follows (Wood, 1982; Han and Demir, 2009):

σe(barn/atom) =
1

NA

∑

i

niAi
Zi

(µm)i (5)

where Zi is the atomic number of the constituent element.
The effective atomic number is significant for forestall how
photons interact with a substance, as specified kinds of
photon interactions belong to the atomic number.

For our glass systems, the following relation is applied
to evaluate Zeff (Akman et al., 2015, 2017):

Zeff =

∑
i niAi(

µ

ρ
)i

∑
i ni

Ai
Zi

(
µ

ρ
)i

(6)

where the effective atomic numbers value of individual
chosen glasses was taken from user-friendly Phy-x/PSD
program (Şakar et al., 2020).

3 Computational Method

The computational work of exposure buildup factor for
the selected glasses has been divided into three parts.
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The first part deals with the computation of equiva-
lent atomic number, Zeff . The second part concerns with
the computation of G.P. fitting parameters, and finally in
the third part, exposure buildup factor values have been
computed in the same energy region.

3.1 Computations of Equivalent Atomic Num-
bers

As we know, an individual element has an atomic number
Z, the composite materials have an equivalent atomic num-
ber, Zeq, that illustrates the properties of glass systems.
Also, as is clear, the proceeding of partial interaction of
gamma rays with matter depends on energy. Therfore, Zeq
is an energy-dependent parameter, namely, it depends on
µm from the Compton interactions and total µm of the
selected glass. In other words, the equal atomic number
is shown as below (Harima, 1983):

Zeq =
(µm)Compton

(µm)total
(7)

The following formula was used to interpolate Zeq as
below (Singh et al., 2014b):

Zeq =
[
Z1

[
log
(R2

R

)]
+ Z2

[
log
( R
R1

)]]
/
[
log
(R2

R1

)]
(8)

where R (R2 < R < R1) is the ratio of the incoherent
Compton scattering to the mass attenuation coefficient of
the glass samples at a special energy, and Z1 and Z2 are
the elements atomic numbers identical to the ratios R1

and R2, respectively. This quantity is calculated for the
Li2O3-B2O3-MgO-Dy2O3 glass system in the energy re-
gion of 15.0 keV to 15.0 MeV and is shown in Fig. 1.

3.2 Computations of G.P. Fitting Parameters

American National Standards (ANS, 1991) provided the
exposure G.P. fitting parameters of 23 elements, one com-
pound, and two mixtures in the energy range of 0.015 MeV
to 15.0 MeV and up to a penetration depth of 40 mfp.

The five various G.P. fitting parameters for the glass
samples have been logarithmically interpolated utilizing
the same equation as follows:

C =
C1(logZ2 − logZeq) + C2(logZeq − logZ1)

logZ2 − logZ1
(9)

where C shows the fitting parameters (a, b, c, d, and XK)
of investigated material into next equations, the two con-
stants C1 and C2 are corresponding to Z1 and Z2 respec-
tively. The computed values of Zeq for the selected glasses
were used to interpolate G.P. fitting parameters.

3.3 Exposure Buildup Factor

Buildup factor is a significant rectification parameter for
gamma ray measurements which is written as the ratio
of the whole number of particles to the number of non-
collision particles in the selected material (Al-Buriahi and
Tonguc, 2019; Kavaz and Yorgun, 2018). The gathering

of buildup factors by different codes is reported by Amer-
ican Nuclear Society (ANS) 1991 (ANS, 1991). Several
researchers investigated gamma-ray buildup factors of dif-
ferent materials (ANS, 1991; Al-Buriahi and Tonguc, 2019;
Kavaz and Yorgun, 2018; Mahmoud et al., 2019). These
investigations show Geometric Progression (G-P) fitting
technic is applied to obtain buildup factors that discuss
multiple scattering. In fact, it obtained using the ways
of interpolation from the equivalent atomic number, Zeq.
The exposure buildup factors (EBF) must be obtained
that have been shown as Figs. 2 to 9.

Now, we can obtain the fitting of G-P parameters to
compute the EBF of glass chosen samples from equations
as below:

B(E,X) = 1 +
( b− 1

K − 1

)
(KX − 1) for K 6= 1 (10)

B(E,X) = 1 + (b− 1)X for K = 1 (11)

where b is the value of the buildup factor at 1 mfp, and
K(E,X) is calculated as follows:

Figure 1: The equivalent atomic number, Zeq, for S1 to S4
codes.

Figure 2: Variation of exposure buildup factor (EBF) with
photon energy at different mean free paths for S1 glass.
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Figure 3: Variation of energy absorption buildup factor
(EABF) with photon energy at different mean free paths for
S1 glass.

Figure 4: Variation of exposure buildup factor (EBF) with
photon energy at different mean free paths for S2 glass.

Figure 5: Variation of energy absorption buildup factor
(EABF) with photon energy at different mean free paths for
S2 glass.

Figure 6: Variation of exposure buildup factor (EBF) with
photon energy at different mean free paths for S3 glass.

Figure 7: Variation of energy absorption buildup factor
(EABF) with photon energy at different mean free paths for
S3 glass.

Figure 8: Variation of exposure buildup factor (EBF) with
photon energy at different mean free paths for S4 glass.
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Figure 9: Variation of energy absorption buildup factor
(EABF) with photon energy at different mean free paths for
S4 glass.

K(E,X) = CXa+d
tanh(

X

XK
− 2)

1− tanh(−2)
for X ≤ 40 mfp (12)

where E is the photon energy incident/primary on the ma-
terial and X is the penetration depth in mfp, The variance
of parameter K(E,X) with X, gives the photon dose mul-
tiplicative factor and assigns the shape of the spectrum.

4 Result and Discussion

The dysprosium doped lithium magnesium borate glasses
system examined in this research were coded as S1, S2, S3,
and S4, with respect to the decreasing molar percentage
of Dy2O3 compound that are doped to glasses in Table
1. In this table, physical properties of dysprosium doped
lithium magnesium borate glasses which density increases
from 2.317 to 2.413 g.cm−3 for various concentrations of
Dy2O3 content in the glass. Also, the chemical formulas,
average molecular weight and densities of the dysprosium
doped lithium magnesium borate glasses system under ex-
amination and weight fractions of constituent element in
these glasses are given in this table.

Let us discuss about the effective atomic number, Zeff .
The atomic numbers of chemical compounds or mixtures
cannot be represented by a single number for all energies
as in the elements. So the effective atomic number, Zeff ,
is the term used for composite samples. It can be obtained
by using of the atomic number of each elements and the
total atomic cross-section.

Also, the energy absorption in the chosen medium
may be obtained by means of well-established formulae
if certain constants such as Zeff and Nel the medium are
known. Among the different parameters specifying the
constitutive structure of an unknown object or material,
one should especially note the effective atomic number. In
fact, this value may provide a primary approximation of
the chemical composition of the material. A great Zeff
commonly corresponds to inorganic compounds and met-
als, whiles a little Zeff (< 10) is an indicator of organic

substances. Figure 10 shows the variations of effective
atomic number with the photon energy range of 0.015
MeV to 15 MeV for all S1 to S4 glasses. In this figure,
Zeff values are changed both with the photon energy and
the Dy2O3 and B2O3 content addition and, one can know
that, at first, for all chosen glasses, the values of Zeff are
the largest in the low energy region (0.015 to 0.05 MeV)
due to photoelectric absorption and afterward slightly di-
minished at the 0.06 MeV to 1.50 MeV energy range. On
other hand, from 0.015 MeV to 0.05 MeV Zeff values are
diminished steeply with photon energy increment (photo-
electric effect control) and variation of Zeff is petty from
0.05 MeV to 0.06 MeV due to Compton scattering pro-
cess dominance, where the Zeff arrived the most minimal
values (at 0.05 MeV) in this energy interval. A very high
peak of 24.05 is observed for S4 at near K-edge. It is
observed that the Zeff values for S4 are the greatest in
the chosen region of interested energy. The Zeff values
for all the TLD compounds are smaller than 27 in the
Compton scattering region. The Zeff values for the TLD
compounds in Compton scattering region at photon en-
ergy 0.06 MeV are found to be 13.20, 16.83, 19.99, and
24.99 for S1, S2, S3, and S4 glasses, respectively. More
than 0.06 MeV energy, one will show a temperate increase
within Zeff values with increasing photon energy up to
15 MeV due to the effect of pair production at this higher
energy region.

Figure 10: The effective atomic number, Zeff , for S1 to S4
codes.

The change of the equivalent atomic numbers (Zeq) of
the glass under study depending on photon energy is in-
dicated in Fig. 1. It is clearly seen that the largest Zeq
values were found for S4 sample while S1 sample has the
minimum values of Zeq.

At the end, the parameters of EBF and EABF were
determined by the five-parameter G-P fitting procedure
utilizing the data for 0.015 MeV to 15 MeV energy range
taken from ANSI-1991 (?). At the end, the variations of
EBF and EABF values within 0.015 MeV to 15 MeV pho-
ton energy range as a function of 0.5, 1, 2, 3, 4, 5, 6, 7, 8,
10, 15, 20, 25, 30, 35, and 40 mfp (for EBF and EABF)
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Table 1: Chemical composition and weight fraction of elements in glasses as Li2O3-B2O3-MgO-Dy2O3.

ωi: weight fraction Mole fraction of ωi: weight fraction
Glass Density of compounds (%) compounds (mol%) of elements
Code (g.cm−3) LiO2 MgO B2O3 Dy2O3 LiO2 MgO B2O3 Dy2O3 Li O B Mg Dy

S1 2.317 0.161 0.072 0.747 0.020 30 10 59.7 0.3 0.0748 0.6322 0.2318 0.0437 0.0175
S2 2.342 0.159 0.072 0.736 0.033 30 10 59.5 0.5 0.0740 0.6254 0.2286 0.0432 0.0289
S3 2.373 0.158 0.071 0.726 0.046 30 10 59.3 0.7 0.0732 0.6187 0.2254 0.0427 0.0400
S4 2.413 0.155 0.070 0.711 0.065 30 10 59 1.0 0.0721 0.6090 0.2207 0.0420 0.0562

(different penetration depths) for all S1 to S4 samples are
shown in Figs. 2 to 9. As shown in Figs. 2 to 5, and Figs.
6 to 9, clearly, the smallest values of EBF and EABF were
observed at the low photon energies (≤ 0.05 MeV) due
to photoelectric absorption process, where abrupt peak at
0.06 MeV energy related to absorption edge of element
is also identified which possess the highest Z among the
constituents of the selected samples. Additionally, sharp
peaks in EBF and EABF values are clearly observed at 50
and 40 keV as demonstrated in Figs. 2 to 5, and Figs. 6
to 8 which might be due to K-absorption edge of K-66.

5 Conclusion

In this work, the photon interaction for some thermolu-
minescent dosimetric glasses composites has been inves-
tigated for effective atomic numbers, energy absorption
buildup factors, and exposure buildup factors. The G-P
fitting technic has been applied for calculation of the phys-
ical quantities in the energy range 0.015 MeV to 15 MeV,
penetration depth up to 40 mfp.
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