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Original Research Abstract:
In this work we studied the radiation shielding features of Li,O-Sb,03-PbO-GeO,-Cr, O3 glass

%3311;63(523 systems at different energies ranging from 0.284 to 1.33 MeV. The maximum linear attenuation
Revised: coefficient (LAC) for the germinate glasses is in the order of 0.680-0.707 cm ™! and this is reported
| September 2023 at 0.284 MeV, whereas the minimum LAC is observed at 1.33 MeV and varied between 0.159-
Accepted: 0.166 cm~!. An increase in the LAC is found for these glasses due to the addition of Cr,O3, and
9 September 2023 the glasses coded as C5 (with 0.5 mol% of Cr,O3) has the highest LAC. The half value layer
Published online: (HVL) of the selected glasses with different contents of Cr,O3 is investigated, and the results
10 January 2024 demonstrated that the HVL is small at low energies and ranging from 0.98-1.02 cm at 0.284 MeV

and from 1.328-1.383 cm at 0.347 MeV. The maximum HVL is observed at 1.33 MeV and equal to
4.175 cm for C5 and 4.352 cm for C1. The tenth value layer (TVL) values for the present glasses
were reported, and the results showed that as the density increases from 3.07 to 3.2 g/cm?, the TVL
decreases from 3.388 to 3.256 cm at 0.284 MeV, and from 13.413 to 12.868 cm at 1.173 MeV.

Keywords: Photon radiation shielding; Half value layer; Lead glasses; Germanate glasses; Effective atomic number;
Attenuation

1. Introduction by the time and appearing cracks that allow radiations to
pass, moreover the concrete is non-visible material that
make operator difficult to observe and supervise the station,
impossible to maintain and move [10, 11]. From all these
disadvantages we can conclude that concrete can be use in
the main structure as outside roof, and walls [12]. Poly-
mers is not effective to absorb radiation beside it has low
working temperature range and non-visible [13]. Lead plate
is used widely in the area around the radiation source, but
it’s also as mentioned martials very difficult to move and
maintain beside its toxicity [14]. Glasses is gained alterna-
tive attention from researchers in many fields [15], such as:
optical communication [16], optical wave guide [17], laser
[18], solar panels [19] and uncountable applications due its
transparency, wide temperature range, excellent mechanical
features, durability, structure stability, and wide of compo-
sition range based on the desired application [20]. Glass

Ionizing radiation has become an indispensable instrument
in the field of medicine, serving both diagnostic and ther-
apeutic purposes for a diverse array of medical conditions
[1-3]. The cumulative radiation exposure experienced by
both patients and medical practitioners has undergone mod-
ifications in tandem with its utilization [4-6]. Proficiency
in comprehending the hazards of radiation exposure and
implementing techniques to mitigate radiation dose will
be imperative as the prevalence of radiation on exposure
continues to rise [7, 8]. In order to eliminate or reduce
the level the radiation in the place of work for the safety
of worker many research started to work on this field for
decades [9]. One of the standard and traditional protec-
tion materials is concrete, however it presents excellent
absorption of radiation, but have in the other sides danger
draw-back such as changing the eternal concrete structure
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Table 1. The chosen Li; O-Sb,03-PbO-GeO,-Cr; O3 glass samples and density.

Glass code Glass composition Density (gm/cm?)
Cl 10Li,0-29.9Sb,03-20Pb0-40Ge0;-0.1Cr, O3 3.07
C2 10Li,0-29.8Sby03-20Pb0-40Ge0,-0.2Cr, O3 3.15
C3 10Li0-29.7Sb,03-20Pb0-40Ge0,-0.3Cr, O3 3.16
C4 10Li,0-29.6Sb,03-20Pb0-40Ge0;-0.4Cr, 03 3.18
C5 10Li,0-29.5Sb,03-20Pb0-40Ge0;-0.5Cr, 03 3.20

composition structure mainly depends on the glass former
which is the main network of the glass itself. TeO,, GeO,,
PbO, SiO,, and B,03 are common glass former [21]. In ra-
diation protection application both density and transparency
are very important roles [22]. In this work we studied the
radiation shielding parameters of Li;O-Sb,O3-PbO-GeO,-
Crp03 glass systems [23] at different energies ranging from
0.284 to 1.33 MeV. We investigated the impact of Cr,O3 on
the radiation shielding parameters.

2. Theoretical principles

In this work we studied the radiation features of a previous
10Li;0-(30—X)Sby0,-20PbO-40Ge0,-XCr, O3 glass
system were X= 0.1, 0.2, 0.3, 0.4, and 0.5 as it presented in
Table. 1 along with related densities.

The exponential attenuation rule is used to define the linear
attenuation coefficient (() of any glass system [24]:

o n/h) 0

X
The intensity of initial photons is denoted by Iy, while
the intensity of transmitted photons is denoted by /. The
thickness of the medium is represented by x, measured in
centimeters. The mass attenuation coefficient, also known
as U, or MAC, is a fundamental parameter frequently
utilized to assess the effectiveness of glass samples are used.
The measurement concerns the probability of interaction
between gamma photons and the glass sample, which could
entail either scattering or absorption. The Multi-Angular
Collimator (MAC) has the capability to evaluate a range
of parameters, such as the effective atomic number (AN),
electronic cross section, and half value layer, among others.
The mass attenuation coefficient (L,,) for a compound or
mixture can be mathematically defined using the following
equation [25]:

= B = zan(2), @
P p
The equation is expressed as follows: (1/p); and w; denote
the mass attenuation coefficient and weight fraction of
the ith component of the composition, accordingly the
determination of the p, value for glass systems within
a particular energy range can be achieved through the
utilization of WinXCom software, which relies on the
combination rule.
By utilizing the aforementioned fundamental parameter,
numerous quantities can be derived, including but not lim-
ited to the total atomic as well as electronic cross-section,

the effective atomic number, and the electron density. The
determination of the overall atomic cross section (o) is
able to be achieved through the following method [26]:

o, — (.um) glass

C NaZi(wi/Ai)
The expression N4 denotes the Avogadro constant, while
”A;” represents the atomic weight for the i component of
the glass system. The unit of measurement utilized is in
square centimeters per atom which can be expressed as
below [27]:

3

1 iA;
O, = NZiwif’ !

: @)
1

The variables z; and f; denote the atomic number and a
fraction quantity of the i-th element, respectively. Unit of
measurement is square centimeters per electron.

The dimensionless quantity known as z. 7y can be derived
from the values of o, and o, through the following equation
[28-32]:

o,
Zeff = — ©)

Oc
Half Value Layer (HVL) is a parameter that characterizes
the thickness of a material at which the intensity of gamma
radiation transmitted through it is reduced to half of the
incident intensity. The HVL is determined by the value of
the linear attenuation coefficient (i) as below [24]:

In2
HVL= — (6)
u

The concept of mean free path (MFP) pertains to the
average distance that a photon can traverse prior to
undergoing interaction with the absorber. The value of u
has been estimated as follows [25]:

1
MFP = — @)
u

3. Results and Discussion

Fig.1 exhibits the linear attenuation coefficient (LAC) for
the five germinate glasses with different contents of Cr,Os3.
At lower energies, the LAC values for the glasses are high,
but when the energy increases, we observed a decrease in
the LAC. This suggests that radiation with low energies is
likely to interact with the atoms of the glasses, so more
attenuation is occurred. The maximum LAC is in the order
of 0.680-0.707 cm™"! and this is reported at 0.284 MeV,
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Figure 1. The linear attenuation coefficient for the five in-
vestigated germinate glasses.

whereas the minimum LAC is observed at 1.33 MeV and
varied between 0.159-0.166 cm~!. On the other hand, an
increase in the LAC can be observed for these glasses
due to the addition of Cr,O3. This is due to the fact that
Cr,05 has a density of 5.22 g/cm?, so as we increase the
content of Cr,03, the density of the glasses is increased,
which causes an increase in the LAC [26]. We found from
Fig. 1 that C5 sample (with 0.5% mol of Cr,03) has the
highest LAC, while the glass with only 0.1 mol% of Cr,0O3
is the sample with lowest LAC. Also, due to the Compton
scattering process, we can see that the difference in the
LAC values between the different glasses is very small. For
example, the difference in the LAC between C1 and C5
glasses at 1.33 MeV is only 0.007.

The half value layer (HVL) of the C1-C5 glasses with
different contents of Cr,Os is investigated in Fig.2. The
HVL of the glasses is small at low energies and ranging
from 0.98-1.02 cm at 0.284 MeV and from 1.328-1.383
cm at 0.347 MeV. Hence, a small thickness of the glass
is needed to attenuate the low energy radiation. On the
other word, a sample of thickness of around 1-1.3 cm can
be successfully absorb 50% of the incoming radiation
with energy of 0.284-0.347 MeV. But we need a glass of
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Figure 2. The half value layer for the five investigated ger-
minate glasses.
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Figure 3. The mean free path for the five investigated germi-
nate glasses.

thickness of about 2 cm to absorb 50% of the intensity
the radiation with energy of 0.511 MeV, since the HVL at
this energy is in the range of 2.076-2.162 cm. At higher
energies, we found an increase in the HVL, where the HVL
at 0.826 MeV is in the range of 3.072-3.201 cm [25-27].
The maximum HVL can be observed at 1.33 MeV and
equal to 4.175 cm for C5 and 4.352 cm for C1. Contrary to
what we found in Fig.1, adding Cr203 to the samples leads
to a decrease in HVL. This is due to the inverse relation
between the HVL and the LAC according to the basic
formula HVL=0.693/LAC. So, we can easily see from
Fig.2 that C5 glass has the smallest HVL.

The mean free path (MFP) for the C1-C5 samples with
some energy values varying from 0.284 to 1.333 MeV is
exhibited in Fig.3. Since C5 sample has the highest density
among our selected glasses, the space between the atoms
in this glass is the closest. Accordingly, C5 possesses
the most interactions with the photons and as a result the
smallest MFP, and this is clearly seen in Fig.3. In practical
applications, the optimum glass for shielding the radiation
is the sample with short MFP. So, we can conclude form
this figure that adding more Cr,Oj3 to the glasses causes
an increase in the density and thus reduce the MFP [33].
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Figure 4. The tenth value layer for the five investigated
germinate glasses.
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Figure 5. The TVL for each glass at both energies; 0.284 and 1.173 MeV.

Numerically, the MFP decreases from 1.995 to 1.916 cm at
0.347 MeV due to the addition of Cr, O3, while it decreases
from 3.119 to 2.995 cm at 0.511 MeV. When we examined
the relation between the MFP and the energy, we noticed
that the MFP increases as the energy increases from 0.284
to 1.333 MeV. For example, for C1, we found that the MFP
increases from 1.471 to 6.279 cm, while the MFP for C2
increases from 1.414 to 6.024 cm. This is in agreement
with the HVL, since thicker material is required to attenuate
the high energy radiation.

In Fig. 4, we investigated the relation between the tenth
value layer (TVL) and the density of the glasses. It is easy
to observe an inverse relation between the density and the
TVL. As the density increases from 3.07 to 3.2 g/cm?,
the TVL decreases from 3.388 to 3.256 cm at 0.284 MeV,
from 7.183 to 6.896 cm at 0.511 MeV and from 13.413 to

0.9

0.6 4
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0.5

T T T T
0.8 1.0 1.2 1.4
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Figure 6. The transmission factor for C1 as a function of the
energy for three different thicknesses (0.5, 0.75 and 1 cm).

12.868 cm at 1.173 MeV. This indicates that the impact of
high energy radiation can be minimized by increasing the
density of the glass sample [34]. As a result, it is preferable
to use HMO with appropriate concentrations in order to get
high density shielding materials with superior shielding
effectiveness.

Fig. 5 presents the TVL for each glass at both energies;
0.284 and 1.173 MeV. The aim of this figure is to examine
the impact of the energy on the thickness of the glasses
need to shield the incoming radiation. Apparently, for
each glass, the TVL at 1.173 MeV is much higher than the
TVL at 0.284 MeV. At 0.284 MeV, the TVL is in order
of 3.25 cm, while this value is increased to 12.8-13.4 cm.
This suggests that the thickness increases by a factor of
about 4 when the energy increases from 0.284 and 1.173
MeV. When the low energy radiation enters the glass, many

0.95

0.90

0.85 o

0.75 o

0.70 4

Figure 7. The transmission factor for C1 and C5 as a func-
tion of the energy.
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interactions between the photons and the atoms will be
occurred, so most of the photons are absorbed or scattered
and can’t penetrate the glass, leading to a small value of
TVL. But the high energy radiation can easily penetrate the
glass, so we need a thick sample to increase the interactions
between the atoms of the glass and the photons, leading to
high TVL at high energies.

In Fig. 6, we plotted the transmission factor (TF) for
C1 only as a function of the energy for three different
thicknesses (0.5, 0.75 and 1 cm). Two important points can
be concluded from this figure. Firstly, the relation between
the TF and the energy and secondly, the relation between
the TF and the thickness of the glass [35]. For the first point,
we observed a direct relation between the TF and the energy.
As we mentioned in the previous paragraph, the high energy
radiation can easily move through the medium and this is
the reason for the increase in the TF with increasing the
energy. This parameter gives information about the number
of the photons that can move from the first side of the glass
to another side, so if the TF for certain medium is high,
then most of the photons can move thought the medium,
while low TF indicates a good shielding performance of the
medium. When we examined the relation between the TF
and the thickness, we can see that the TF follows the order:
TFiem < TFy75¢m < TFg.5¢m- This confirms our finding in
the TVL that the high thickness sample is more desirable in
the radiation shielding applications [36].

In order to examine the impact of Cr,O3 on the shielding
ability of the selected glasses, we plotted the TF for C1 and
C5 in Fig. 7. At any energy, the TF for C1 is higher than
that of C5, suggesting the adding more Cr,O3 to the glasses
leads to decrease the number of photons that can penetrate
the given glasses. So, the protection effectiveness of the
glass with high Cr,O3 content is better than the glass with
low Cr, O3 content.

4. Conclusion

We studied the radiation shielding parameters of Li,O-
Sby03-PbO-GeO,-Cr, O3 glass systems at different
energies ranging from 0.284 to 1.33 MeV. We investigated
the impact of Cr, O3 on the radiation shielding parameters.
The LAC showed an increase trend with the amount of
Cr,03, while the HVL showed a decrease trend with Cr;O3.
The minimum HVL values were obtained at 0.284 MeV
and varied between 0.98-1.02 cm. The HVL at 0.826 MeV
is in the range of 3.072-3.201 cm, suggesting that it is
important to increase the thickness of the glass to improve
their shielding performance against high energy radiation.
We investigated the TVL and an inverse relation is obtained
between the TVL and the density of the glass. This HVL
data showed that the impact of high energy radiation can be
minimized by increasing the density of the glass sample.
Also, the TVL data showed that the thickness increases by
a factor of about 4 when the energy increases from 0.284
and 1.173 MeV.We examined the relation between the TF
and the thickness, and the TF following order is reported:
TFiem < TFp.75em < TFo.5cm.
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