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Abstract:

The aim of this research is to examine the radiation shielding properties of
5B,03-40Si0,-(55-x)Al,03.xBaO (BSABa-x) (where x = 25, 28, 31 and, 34)
lead-free glass systems, which are containing barium and aluminum oxide added
to borosilicate glasses, with varying from 25 to 34 weight fractions. Shielding
parameters, such as linear attenuation coefficients (LAC), mass attenuation
coefficients (MAC), mean free path (MFP), effective atomic number (Ze),
effective electron density (Ner), half-value layer (HVL), tenth-value layer
(TVL), effective atomic weight (Aesr), exposure buildup factors (EBF) and
energy absorption buildup factors (EABF) enable us to obtain information about
the radiation shielding power of composite glass material groups. Therefore, the
mass attenuation coefficients (MAC), for the 0.015-15 MeV gamma-ray
energies are obtained by using the Py-MLBUF online software to determine
photon shielding parameters of BSABa-x glass systems. The results are shown
that the glass system, which contains higher BaO concentration has higher mass
attenuation coefficients. BSABa-34 glass has the highest MACs, ranging from
0.111 cm?g to 90.400 cm?g, while BSABa-25 glass has the lowest values,
ranging from 0.099 cm?/g to 69.000 cm?g. The BSABa-34 glass with the
highest BaO contribution has the thinnest MFP and HVL values. In addition,
photon buildup is minimized by adding BaO to the BSABa-x glasses.
Accordingly, we can conclude that adding BaO to aluminum borosilicate glasses
at increasing rates, improves nuclear radiation resistance properties.

1. Introduction

environment. Lead (Pb) is the material that has
been widely used since ancient times for radiation

Radiation obtains benefit when used for diagnosis
and treatment within certain dose limitations, but it
can also cause to destructive biological effects. In
addition to its natural level existing in nature,
minimizing the harmful effects of radiation from
artificial sources requires maximum protection.
Shielding, one of the basic principles of protection,
is defined as a material environment which
radiation can absorb its energy as a result of the
interaction. Radiation protection is provided by the
use of materials which’s shielding parameters are
well known and pre-determined for this material

protection due to the various advantages provided
by its physical and chemical properties. With the
developing technology, lead, which has been
discovered to be a heavy metal by spectroscopic
analysis, has a high density and therefore is in the
heavy metals class. Thanks to this feature, it has
been discovered that it is the best absorbent
material environment when it interacts radiation
energy, and it has been used for shielding and it
continues to be widely used today [1-7] However,
in addition to the advantages of lead, it also has
important disadvantages such as the low material
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strength, the difficulties it causes during its use, the
cost, the lack of a transparent structure. Due to its
widespread use, the structure of lead accumulated
in the environment is not suitable for
biodegradation, and therefore, with its increasing
concentration, it causes a permanent threat to nature
and living things by taking place in the
environment. Almost all functions in human body
can be affected by the toxic effects caused by lead
through respiration, skin absorption, and digestion.
These disadvantages of lead accelerated the search
for materials that can be used as an alternative to
traditional materials used for shielding [8-10].
Glass panes are important requirement where
radiation is used, especially in nuclear facilities and
hospitals. Glass materials used in these
compartments must also have strong radiation
attenuating features. Today, glass materials are
doped with both lead and lighter heavy metals to
increase their resistance to radiation. However,
since these composite leaded glasses contain both
toxic heavy metals and the level of transparency
can not be achieved at the desired level. It has
become an important need to develop lead-free
glass materials that do not harm the environment
and people, and also have more transparent
structure [11-14]. Developing lead-free protective
material is very important for the safe use of
radiology rooms. The most important feature of the
shielding material is the weakening of gamma
photons which have very high ability to penetrate
into the substance. This could only be
accomplished by using materials that include
elements with a high atomic number and hence a
high density [15-20]. To determine the feasibility of
using any glass sample as a photon shielding
material, detailed studies are conducted to
determine its physical properties, including linear
attenuation coefficients (LAC), mass attenuation
coefficients (MAC), mean free path (MFP),
effective atomic number (Zer), effective electron
density (Neff), half-value layer (HVL), tenth-value
layer (TVL), effective atomic weight (Aeff),
exposure buildup factors (EBF) and energy
absorption buildup factors (EABF). When all of
these parameters are established, we may
recommend which materials or material classes can
provide the best defense. The mass attenuation
coefficient (u,,) is one of these parameters; it
indicates the amount of photons scattered or
absorbed by the interacting material. The mass
attenuation coefficient is regarded as a fundamental
parameter that can be used to calculate additional
shielding parameters [19-23]. Additionally, the
effective atomic number (Ze) is a critical
parameter for interpreting the attenuation efficiency
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of gamma photons by a multi-element substance.
Zet indicates the protective material's efficiency; a
higher Ze value indicates that photons are more
likely to be absorbed due to the presence of more
electrons to communicate with. Additionally, since
the mean free path (MFP) is an energy-dependent
quantity, it allows the determination of the distance
traveled by a photon in a sample prior to any
interaction [23-26]. The mass attenuation
coefficients (MAC) for 0.015-15 MeV gamma-ray
energies are determined using the Py-MLBUF
online software in order to determine the photon
shielding parameters of the BSABa-x glass systems
tested in this analysis. MAC values are used to
calculate various shielding parameters for BSABa-x
glasses, including the half value layer (HVL),
energy buildup and energy absorption buildup
factors (EBF and EABF), and mean free path
(MFP). The Py-MLBUF software has been used
extensively to investigate the photon and neutron
shielding properties of glasses [27]. Numerous
experiments have been conducted to determine the
mass attenuation coefficient for various glass
systems, including borosilicate and heavy metal
oxide glasses [28-33]. While the majority of these
studies analyze the radiation shielding parameters
of various glasses at medium and high energy
levels, there are very few studies that examine the
gamma and neutron radiation shielding parameters
of various glass systems at medical diagnostic
energies [34-37]. Therefore, this study include
radiation shielding parameters of the 5B,0; -
40Si0O; - (55-x) AlLOs; - xBaO (BSABa-x), (where x
= 25, 28, 31 and 34 (with these additive rates
theoretical p range from 3.798 to 3.957 g/cm?® ))
glass systems, which are containing barium and
aluminum oxide added to borosilicate glasses and
theoretical density range from 3.798 to 3.957 g/cm?,
in medical diagnosis energy scales.

2. Materials and Methods
2.1 Shielding Parameters

As a measure of the absorption of a photon by the
material, the linear attenuation coefficients (LAC)
of the materials are examined [25]. The LAC,
which is a quantity that needs to be investigated in
many materials to be effectively protected from
radiation, gives the probability of any interaction
per unit length of a photon, and it expresses the
total probability of occurrence of photoelectric
events, Compton scattering, pair formation events.
The LAC is expressed as [36-38];

_In[1/I,]
Tt
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(where I and lo show intensities of the incident and
attenuated gamma rays, respectively, and t denotes
the mass thickness of the sample.)

and the mass attenuation coefficient (MAC) is
calculated by dividing the LAC by the specific
gravity of the material. The MAC gives the rate of
attenuation of the beam per unit mass and is
expressed as [36-38];

Um = (2)

i
p
(where p shows the linear attenuation coefficient
(expressed in cm?) defines a measure of the
possibility of photon interaction when radiation
passes through a target material, depending on the
thickness of the material, where pm shows mass
attenuation coefficient, and p shows the density of
the material.)

The appropriate material thickness that causes the

intensity of radiation passing through a target to

decrease to half intensity by interacting with the

material is also called the half-value layer (HVL)

and is expressed with the formula [36-38];
In2

HVL === (3)
The tenth-value layer (TVL) is defined as the
material depth value that allows the incoming
radiation intensity to decrease to one-tenth value
and is formulated in the form of [36-38];

TVL = "2
u

(4)
The mean free path (MFP), another of the shielding
parameters, is defined by the following formula as
the distance traveled by a particle before possible
collisions with other particles [36-38].
mfp = 5)
P=y
The effective atomic number (Zes) is a parameter
that has any real constant value for a given
material, which gives the common behavior of

electrons in the interaction of materials with
radiation [36-38].

_ Zifihi(up)i

Zefr = — 4 (6)

Also, there is a linear relationship between the
effective atomic number (Ne) and the electron
density defined by the following expression [30-
31].
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Zg f
<Aeff

(electrons/g)

Neff = NA (7)

>
(where Na is Avogadro constant and Aes is the
effective atomic mass value, also known as the ratio
of atomic weight to total atomic number [36-38].)

The buildup factor is a factor that includes the
response of non-colliding photons to add the
participation of scattered photons. Exposure
Buildup factor (EBF) is a parameter related to the
amount of absorption or stored energy in the air,
and this parameter determines the extent of the
interaction that may occur in the air, between the
source and the detector. Energy absorption build up
factor (EABF) is a parameter related to the amount
of energy absorbed in the substance with which the
radiation interacts in different substances [36-45].

2.2 Py-MLBUF

To investigate the gamma-ray shielding parameters
of the materials, a thorough understanding of the
various gamma-ray shielding parameters (GSP) is
needed. By measuring gamma-ray
shielding parameters, the computer plays an
important role in this form of study. [46]. The
storage and processing of useful radioactive
materials in radiology establishments has become a
critical issue as nuclear technology and safety
requirements have advanced. A gamma-ray
shielding enclosure (GSE) must be designed with
suitable materials to protect the environment from
harmful self-emitting ionizing radiations from
radioactive materials. Shielding is one of the most
effective ways to reduce the harmful effects of
ionizing radiation on living tissues. Shield
designers should investigate the suitability of
materials using gamma-ray shielding parameters to
choose a suitable material for the GSE. Py-MLBUF
is the name of the platform's computer code, which
is written in Python and calculates gamma-ray
shielding parameters in the energy range of 0.015—
15MeV [47-49].

Table 1. The weight fractions and theoretical densities of
5B,03-40Si0,-(55-x)Al,03-xBa0 (x=25, 28, 31 and 34)
glass systems.

Sample B Si Al Ba (0] Density

Code (g/cm?)
BSABa25 | 0.016 0.187  0.159 0.224 0.415 3.798
BSABa28 | 0.016 0.187  0.143 0.251 0.404 3.851
BSABa3l | 0.016 0.187  0.127 0.278 0.393  3.904
BSABa34 | 0.016 0.187  0.111 0.305 0.382 = 3.957
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Figure 1. (a) Variation of linear attenuation coefficients
(LAC) (b) mass attenuation coefficients (MAC) versus
photon energy for BSBa-x (x=25, 28, 31 and 34) glasses.
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Figure 2. Variations of mean free path (MFP) with
photon energy for for BSBa-x (x=25, 28, 31, 34) glasses.
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Figure 4. Effective electron density (Nest ) with photon
energy for energy for BSBa-x (x=25, 28, 31 and 34)
glasses.

3. Results and Discussion

Table 1 shows theoretical density, which range
from 3.798 to 3.957 g/cm?®, and weight fractions of
each glasses. The samples with the lowest density
are BSABa-25. When density is examined in
general, increase in concentration of BaO is found
to have a major effect on the density of BSABa-x
glasses. As can be seen in Figure 1, when the
density increases LAC (u) values, which are
determined between 0.015-15 MeV photon energy
range (Fig. 1 (2)), and MAC (Fig. 1 (b)) values are
getting higher value than those with low density. To
begin with, we can see that the LAC has distinct
behavior in three different photon energy zones. In
the collision phase, the photoelectric effect
becomes more dominant (at 0.04 MeV) as LAC
values decrease and gamma energy increases in the
low energy field. The decay rates slowed as the
energy level increased.
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tenth-value layer (TVL) versus photon energy for BSBa-x
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According to our findings, the maximum LAC
values for the BSABa-34 sample are observed at
the investigated photon energies. The chemical
structure and theoretichal density value of the
BSABa-34 sample may clarify the situation. Where
the density of BSABa-25 is 3.798 g/cm? in the
BSABa-34 and 3.957 g/cm® in the BSABa-34
sample.
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Figure 7. (a) Variations of exposure buildup factor
(EBF) (b) energy absorption buildup factor (EABF) with
photon energy at different mean free paths for BSABa-25
glass system.
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photon energy at different mean free paths for BSABa-34
glass system.

As a result, the aforementioned substitution results
in a noticeable increase in LAC values. For
BSABa-25, BSABa-28, BSABa-31, and BSABa-34
samples at 0.015 MeV, LAC values are stated as
69.000 ,76.000 ,83.100 and 90.400 cm,
respectively. Furthermore, LAC values at 15 MeV
(highest energy of recent investigation) are stated as
0.099, 0.103, 0.107 and 0.111, respectively. The
increase in BaO content in glass samples from 25%
to 34% resulted in a rigid increase in density.

The mean free path (MFP) is also a determining
factor for a material's gamma shielding abilities.
Figure 2 shows a graphical representation of the
MFP values for four different types of glass. At
various gamma ray energies, the lowest measured
MFP values for the BSABa-34 sample are also
reported.

In terms of gamma ray attenuation properties, the
effective atomic number (Zer) is a useful term for
evaluating the material's suitability for gamma-ray
applications, and it is related to the partial photon
mitigation process. Figure 3 shows the (Zes) of the
investigated glass samples as a function of photon
energy. According to the results, the maximum Zes
for the BSABa-34 glass sample is reported as
48.392 for 0.04 MeV. Other BSABa-x samples
have been shown to be in similar situations. Zess -
BSABa-34 > BSABa-31 > BSABa-28 > BSABa-25
is the overall order of Zeff. In terms of Nes values
for BSABa-x glass samples, there is also a linear
relationship between the effective atomic number
(Nefr), as shown in Figure 4, with Neff-BSABa-34 >
BSABa-31 > BSABa-28 > Zeff-BSABa-25 as the
overall order of Nes .

Investigated glasses are also tested in terms of the
HVL. The term HVL is a crucial parameter for
determining the thickness of shielding material
needed to reduce the initial intensity by half (50%).
As a result, this parameter can be used for future
glass shield applications that take into account the
physical environment and the suitability of
shielding material placement in a given region.
Figure 5 (a) illustrates the changes in the half value
layer (HVL) values of the glass samples against to
incident photon energy. The HVL values of glass
samples increase as the incident photon energy
increases. From 0.015 to 5 MeV, a rigid increment
is registered. The average maximum HVL values
for all glass samples are reported as 6.075, 5.949,
5.826 and 5.708 cm at 5 MeV photon energy for
BSABa-25, BSABa-28, BSABa-31 and BSABa-34
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samples, respectively. It can be seen that, HVL
difference between BSABa-25 and BSABa-34
sample is 0.367 cm at 5 MeV. It means that BaO
additive from 25 to 34% decreased the required
shielding thickness as 0.367 cm for 5 MeV gamma
rays. Similarly, the lowest HVL values are
observed for BSABa-34 sample at all energies. This
is another indicator for superior shielding properties
of BSABa-34 sample against ionizing gamma rays.
A similar pattern can be seen in Figure 5 (b), which
shows the HVL values, which are the material
depth values that enable the intensity of incoming
radiation to be reduced to one-tenth of its original
value. Besides, the MFP value (Figure 2) is clearly
on a downward slope, similar to the HVL value.

The effective atomic weight (Aefr ), Which is known
as the ratio of atomic weight to total atomic
number, reaches its maximum value for BSABa-34
glass sample as seen in Figure 6. As the BaO
concentration rises, the effective atomic weight
value rises as well, indicating that the BSABa-34
glass becomes more radiation resistant.

The buildup factor is a correction factor for the
effect of scattered radiation in the presence of
secondary particles in the medium. The
accumulation causes of secondary ionizing
radiation must be considered when accounting for
secondary ionizing radiation accumulation. As a
result, the factor of accumulation is a multiplier that
makes up for the reaction to non-confronted
photons in order to integrate the contribution of
scattered photons. The multiplier in the buildup
portion absorbs non-confronted photons, allowing
the contribution of scattered photons to be included.
Exposure buildup factor (EBF) and energy
absorption buildup factor (EABF) are two
subcategories of the principle of buildup factor
(EABF). The Py-MLBUF is used to measure the
terms of EBF and EABF values for four BSABa-x
separate glasses between 0.5 and 40 mfp. Figure 7-
10 (a) describes the relationship between exposure
buildup factor (EBF) and energy for various mfp
values. Different chemical reactions take place in
various natural settings. The first region shown
peaked because the atomic number is close to the
binding energy of the elements with the highest
atomic numbers. As a consequence, in the Compton
resonance region, the EBF values are nearly
constant. The third field of interest is pair
production, where there is a small rise in EBF due
to absorption processes. The EBF value of the
BSABa-34 sample is found to be the lowest. This is
an excellent example of how well materials can
shield gamma rays. As a consequence, among the
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investigated specimens, the best extracted sample is
BSABa-34, which has the lowest EBF values. In
the energy absorption buildup factor (EABF) is
plotted against photon energy (MeV) from 5 to 40
mfp and a similar pattern can be seen. in Figure 7-
10 (b).

4. Conclusions

In terms of radiation shielding parameters, we
investigated 5B,0; - 40Si0; - (55-x) Al.Os3 - xBaO
(BSABa-x) glass systems (where x = 25, 28, 31 and
34) and determined their radiation resistance
properties. The glass density increased from 3.798
g/cm? to 3.957 g/cm® when the BaO concentration
is increased linearly (i.e. 25, 28, 31 and 34% mole).
On the other hand, from 25 to 34 mole percent BaO
reinforcement, a total increase of 0.159 g/cm? is
given (i.e. between BSABa-25 and BSABa-34). As
a result, we would like to emphasize that a direct
34% mole substitution of BaO results in a net
density difference of 0.159 g/cm®. The hypothesis
that the radiation resistance of glass will increase as
BaO density increases is clearly validated by the
results, and it can be stated that BaO has a clear
effect on the radiation attenuation qualities. It can
be concluded that BaO has a clear effect on the
attenuation properties of radiation. The BSABa-34
with the highest BaO additive exhibits the greatest
attenuation of photons, indicating that BaO
reinforcement has strong anti-nuclear radiation
resistance properties. Finally, in light of the
scientific community's ongoing efforts on the
promising lead-free barium and aluminum oxide
added to borosilicate glass system, we would like to
propose some potential future investigations.
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