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Because of the increased use of ionizing radiation, radiation management and security
procedures are now regarded a standard part of many therapeutic and specialist fields. The
focus of this work is on the radiation security features of Novel Oxide Glass
(PZBKTANETYr). The unique glass assembly is 40P205-30ZnO- 20BaF2-3.8K2TeO3-
1.2A1203-5Nb205-3Er203 in mol percent (test code PZBKTANETr). For the suggested
oxide glass, several radiation shielding characteristics have been investigated for a specific
energy range of ionizing radiation. The linear and mass attenuation coefficients, mean free
path, half-value layer, total nuclear and electronic cross-sections, and fast neutron
expulsion cross-section are among the radiation shielding properties. Furthermore, the
unique fabricated glass (PZBKTANEr) was compared to commonly used radiation
protection compositions, such as RS-253 G18, RS-360, RS-520, Chromite, Ferrite,
Magnetite, and Barite glass, as well as RS-253 G18, RS-360, RS-520, Chromite, Ferrite,
Magnetite, and Barite glass. Also, we studied the structure of fabrication by using Raman
spectra. The findings suggest that the new oxide glass might be used in a broad variety of
ionizing radiation applications for protection in both therapeutic and industrial
applications.
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1. Introduction
Glasses have recently been included as a new component for gamma radiation protection.

Glass has a number of characteristics, including precise optical clarity, true mechanical properties,
heat resistance, and significant attenuation, particularly in heavy metal Oxide samples. Another
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significant factor to consider is the flexibility with which the glass composition may be adjusted to
provide acceptable protection [1- 10]. A customized oxide glass with novel features may be
constructed to test the shielding against ionizing radiation. It's created from a variety of oxide
glasses that have previously undergone radiation testing. Natural sources of ionizing radiation,
such as limitless beams and earthborn radioactive sources like thorium and uranium found in rocks
and minerals, have an impact on humans all around the world. Individuals are illuminated by
human-made sources such as therapeutic and diagnostic radiation sources for medical purposes,
such as radiopharmaceuticals, external x-rays, and gamma rays. Indeed, fundamental human-made
sources are known as buyer goods, which are used in construction and street development
materials, X-ray security devices, and combustible powers such as coal [11- 24]. A broad range of
ionizing radiation energy has been investigated and rigorously tested against particular chemical
compounds like lead (Pb) [11,12]. Lead is often used to protect against ionizing radiation. It has a
limited number of applications. It has a high amount of toxicity, is quite expensive, and has a low
softening point [13]. These restrictions have prompted researchers to investigate other materials,
such as glass, polymers, ceramics, and concrete, that seem to provide cost-effective, efficient, and
effective radiation shielding compositions [14—-19].

The optical and shielding properties of such glasses have inspired many researchers to see
their utility as a safety replacement device in medical workplaces, X-ray and atomic projects in the
field of inventions, X-ray equipment, gamma camera rooms, and computed tomography (CT)
examination workplaces [11, 12, 24-29, 31]. The radiation-protecting properties of Erbium Zinc-
Tellurite glass were examined by Tijani et al. [30] to compare a wide range of radiation energy
utilized in health and medical imaging applications (20 keV, 30 keV, 40 keV and 60 keV). Our
research looks at the photon energy-protecting properties of Novel glass (40P,0s- 30ZnO- 20BaF,-
3.8K,TeOs- 1.2A1,05- 5Nb,Os- 3 Er,O3). We fabricated the unique oxide glass to examine its
photon energy shielding characteristics, such as the linear attenuation coefficient (LAC), mass
attenuation coefficient (MAC), half-value layer (HVL), and atomic and electronic cross-sections,
in order to investigate natural processes (ACS and ECS)

2. Methods and Materials

The glass formula contains mol% of 40P,0s- 30ZnO- 20BaF,- 3.8K,TeO;- 1.2A1,05-
5Nb,Os- 3 Er,O; (sample code PZBKTANETY). The weights of the developed glass and the molar
fractions of the components are presented in Table 1. In this study we used the recently developed
software Phy-X / PSD to calculate different screening factors for a wide range of ionizing radiation
energies [32].

The linear attenuation coefficient calculates the ratio of mono-energetic photons to the
penetration depth in the attenuated case. The linear attenuation coefficient is responsible for the
relationship of ionizing radiation and matter, such as the photoelectric effect, the Compton
scattering and the Rayleigh effect. How the coefficient of linear attenuation (i. Beer-Lambert's
law) is exponentially calculated can be seen in the following equation:

[ = ]et (1)

Here I represent the weakened ionizing radiation and / denotes unattenuated ionizing radiations.
The p signifies a linear attenuation coefficient (cm™) and t is the predicted density (cm) of the
material.

The mass attenuation coefficient (MAC), which determines the capacity of ionizing
radiations to enter a particular substance, can be scientifically communicated utilizing the
following equation:

u = & @)

where pf is the mass attenuation coefficient (MAC) and p outlines the material thickness.
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The modeled oxide glass used in our study was a complex material containing more than
one component. Therefore, for accurate measurement of mass attenuation coefficient value the
following equation was utilized:

ne = 0= % wi (W/p); ©)

In which w; is the fractional component i weight

Table 1. Chemical components density and weight fractions of the elements used designed for the
PZBKTANEY study.

Sample code

Composition | Density The fraction of elements by weight in %
in mol% (g/cmz)

P 0] Zn Ba F K Te Al Nb

Er

PZBKTANEr | 40P,0s- 4.26749 | 0.1631 | 0.2939 | 0.1291 | 0.1808 | 0.0500 | 0.0196 | 0.0319 | 0.0043 | 0.0612

30ZnO-
20BaF,-
3.8K2T603-
1.2A1,0;.
5Nb,0s-
3EI‘203

0.0661

The collective atomic and electronic cross-sectional values (ACS, ECS) for beams of
single energy (e.g., X or gamma rays) describe the potential for ionizing photons to interact with
atoms and electrons at the desired radiation intensity. All these characteristics are calculated in
units of cm’g” Mathematically by the following equations:

AcsonzﬁzziN—iAiu 4)
1 fi Aj
BCS = 00 =[] 2 [ (i) 5)

where N, refers to the Avogadro number, A4; denotes the atomic weight, the atomic number is
shown by Z;, and f; is the mol segment of the i element of the composite in the radiation
protection substance.

The half-value layer (HVL) is one of the distinguishing features of radiometric
applications. It can be defined as the thickness required to harden half the strength of a single
energy beam. The mean free path (MFP) can be defined as the mean distance through the radiation
exchange sets of an energetic photon moves. We can use the calculated LAC value to derive both
variables and describe them mathematically by solving the given equations:

In2

HVL = == (6)

MFP = 7)

The obvious effect of atomic number and electronic density on the radiation atomic
products with high atomic number and high electron density may be strongly related to the
efficiency of the radiation-absorbing material. Different radiation protection products will be
considered by effective atomic number (Z.g) and effective electron density (Neg). Zesr and Negr are
defined in mathematical terms as given below:

Zogt = = ®)

Oe
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— _Na_ — Hm
Negr = A Zegr Xy = — 9

where the overall number of collective substances describing the expected radiation-protecting
constituents is defined by ), n;.

The equivalent atomic number (Z,) is a variable that indicates the radiation shielding
properties of a prototype shielding material in terms of its equivalent components. Mathematically,
Z.q can be interpreted as follows:

_ Zy (logRy—logR)+ Z; (logR—logR4)

7. =
€4 (logRz—logRy)

(10)

Fractions of the mass attenuation coefficient of Compton dispersion to the the mass
attenuation coefficients of the shielding materials (Ucomp/Motal) are Ry and R,, showing the reference
materials’ atomic numbers Z; and Z,

Collided and non-collided, two types of photons are created by the method of ionizing
radiation photons entering a given protecting medium. The exposure build-up factor (EBF) is
defined as the ratio between the total number of photons at a given stage to the number of non-
colliding photons. The exposure build-up factor values can be obtained using the G-P method used
by the American National Standard ANSI / ANS-6.4.3-1991[33]. After acquiring the required
variables, the exposure build-up factor can be computed as follows:

C= Cy (log ZZ_IOgZeff)+ Cz (logZeff—logZy) (1 1)
(logZ,—logZ1)

The G-P fitting arguments that consistent with the atomic numbers (Z; and Z,) are
considered as C; and C, in the equations.
The exposure build-up factor (EBF) will be measured by using the given below equation:

B(Ex) =1+ 2D (k¥ — 1)K #1 (12)
®-1)
B(Ex)=1+(b—1DxK #1 (13)
tanh(Xik—Z)—tanh(—z)

B(E,x) = cx* + d

1-tanh(-2) )X < 40mfp (14)

The distance between the origin of ionizing radiation and the radiation detector is
indicated by x in mean free path (MFP) units. E is the energy of the incident photons, (Xy, b, a,
and d) are the related variables for G-P calculations, and K (E, x) is the multipliable dose factor.

The fast neutron removal cross-section (FNRCS) is calculated using the following
calculation to neutron activities of various shielding materials

Zr = I p; Gr/p)i (15)

where the fractional density is expressed by p; and (Zg/p)i. The mass removal cross-section
measurements were chosen from Chilton, A. B. for the components used in this analysis [34]. All
measurements were performed using the software Phy-X / PSD [35].

3. Results and Discussion

Employing the Phy-X / PS code, we tested the attenuated coefficient of the prototype
radiation protection material (PZBKTANEr), which used the spectrum of mono-energetic gamma
radiations of 0.01-15 MeV. Radiation exposure factor of gamma photons depend on the intensity
of the photon, while increasing the intensity of the incoming photon decreased the value of the
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linear attenuation coefficient (LAC) as has been reflected in Figure-1A. In addition, when the
material was exposed to low photon energy (i.e., 0.015 MeV), high the linear attenuation
coefficient (LAC) values at 152 cm™'were noted. A similar behavior was observed in the statistical
measure of mass attenuation coefficient (MAC) values; the observed MAC value was 35.7 cm® / g
at 0.015 MeV. (Figure-1 B).

A B
1000 - 100
--m-- PZBKTANEr . --u---- PZBKTANEr
1004 " 10 b
‘-E am ‘g) 3 e
O L £ ii
=~ 104 T)
Q Y ~ L]
< " QO 14 n
- m, < N
14 ‘m, = ‘l\
L ., 'l\“.
0.1 LT 015 l"‘---.nt
L T
0.01 T T T 0.01 T T T
0.01 0.1 1 10 0.01 0.1 1 10
Photon Energy (MeV) Photon Energy (MeV)

Fig. 1. Graph drawing of the reported measures for the linear (A) and mass attenuation coefficients (B) of
the new radiation protection product (PZBKTANR).

For both linear and mass attenuation coefficients, when tested material was exposed to low
gamma energy (between 0.015 and 0.04 MeV), there was a dramatic decline in values that could
be associated with the presence of photoelectric effect interactions. Exposure to intermediate
energy gamma photons (from 0.04 to 3 MeV) lead to a gradual drop-off in linear and mass
attenuation coefficients measurements. This activity is attributed to the Compton scattering
collision between the incoming photons and the oxide glass material. For gamma-ray energies
above 3 MeV, the LAC and MAC values showed a partial reduction because the collision between
the incident photons and the oxide glass materials were in the area of pair-production.

The half-value thickness is an important factor of radiation protection and usually provides
a clear definition of the thickness of the shielding substance necessary to strengthen half of the
strength of the incident ionizing photons. We calculated the half-value thickness values for the
'PZBKTANE:" material; these values change as a function of the energies of the incident photon
(Figure-2). The interaction of gamma photons with different energies of the novel glass
(PZBKTANETr) generated lower half-value thickness range than RS-253-G18 shielding glass,
whereas other shielding glasses such as RS-360, RS-520, Chromite, Ferrite, Magnetite and Barite
have lower values than our novel glass material. For example, the defined half-value thickness
values are 0.00455 cm and 5.31871 cm for our novel glass material, while the commercially
available shielding glasses RS-253-G18 have 0.02492 c¢cm and 12.11379, RS-360 has half-value
thickness values of 0.00245 and 4.23877 cm, RS-520 has 0.00142 and 2.64221 cm at 0.015 and 15
MeV, correspondingly. (Figure-2).

The tested material showed better hardness for incident gamma photons than the
commonly available RS-253 G18 safety glass, while other types of shielding glass (such as RS-
360 and RS-520 shielding glass) displayed stronger attenuation patterns (Figure-2). This is strong
evidence that the values of the acquired half value thickness depend on the density of the irradiated
material (Figure 2). Doping the material with a higher atomic number of compounds can be
accomplished by increasing the density of various chemical compositions for radiation protection
purposes. The effect of density on the values of half value thickness and the photon hardening
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process of incident ionizing radiation have been defined in a series of research study results [36 -
38].

Half value thickness (HVL) values given to PZBKTANEr and RS-253 G18 glass at 15
MeV were 5,31871 c¢cm and 12.11379 cm correspondingly, for RS-360 and RS-520, Half value
thickness values were 4.23877 cm and 2.64221 cm. Importantly, with minimal variations, the low-
photon energy domain (i.e. < 0.2 MeV) was observed. Based on these results, the proposed novel
shielding materials would theoretically be used in the medical field for various radiation treatments
using low photon energies. For radiation protection purposes, this type of material can be used for
a variety of medical imaging methods, including computerized x-ray modalities, and for most of
the nuclear medicine procedures involving injection of radioactive gamma emitters, such as
Technetium-99 m (Energy = 141 keV).

The average free path (MFP) is an integral function that can be used for radiation shielding
to determine a given material and describes the interaction between the photons of the incident
radiation and the atoms of the radiation-absorbing material. Stronger protective properties are
shown with for the materials showing average free path. As a function of striking photon energy
(MeV), Figure 2B shows the calculated average free path values for the proposed PZBKTANr
shielding material. In fact, we compared the calculated average free path values for different
protective materials. Similar trends to the documented half value thickness values were noticed in
the statistical process for the average free path values. Low average free path values were recorded
for denser materials, leading a considerable attenuation effect as compared to less dense materials
(Figures-2A and 2B).
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Fig. 2. Graph showing the values for the documented half value thickness (HVL) (A) and average
free path (MFP) (B) and comparison of the results for certain radiation-shielding materials to other
HVLs and MFPs.

The collective measurements for atomic cross section (ACS) and electronic cross section
(ECS) are expressed in figures 3A and 3B. These measurements render a simple possibility of the
radiation interaction of every atom or electron in every unit of volume of radiation protection
material. A greater number of atoms or electrons in a given unit of volume of matter created a
higher documented measurement for ACS and ECS proves that the tested material is more suitable
for radiation protection uses. Comparative differences for atomic and electronic cross section
measurements are shown graphically in Figures -3A and 3B. The composition of the PZBKTANEr
material shows that the both measurements were documented at at 0.015 MeV were 1.88x107'
cm’/g and 5.15x10% cm?/g respectively. The results obtained from these measurements
correspond to the functions described earlier as well as the values obtained above. Similarly, we
the pattern we found for these measurements as shown in Figures -3A and 3B, Confirmed the same
result recorded elsewhere [39].
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Fig. 3. Line plots displaying the combined measures of atomic cross section (ACS) (4)
and electronic cross-sections (ECS) (B).

The atomic and the electron numbers are used to describe the properties of the under-
investigation substance. These values are said to be useful by the atomic and the electron numbers
(Zoir and N.gr) for a material that has more than one constituent components. Knowledge of the
energy-dependent measurements for atomic and the electron numbers reveals a complete
information of the characteristic of the proposed material against incident ionizing photons when
preparing a radiation-protecting substance for gamma-emission applications. Figure-4 shows that
the observed measurements for PZBKTANEr in the region of low ionization photon energies
(photoelectric effect zone) were higher for Z.and N.g. These measurements are influenced by the
energy of the incoming photon, these measurements dropped significantly in the low-energy range
(because of photoelectric effect) and stayed in a fairly constant state in the medium-energy region
(Compton scattering) before gradually developing higher values in the high- energy region (pair
production). N.g's value is closely related to ECS and MAC readings. The values obtained were
determined on the basis of reported ECS and MAC measurements. The prominent humps at 0.04
MeV for Ny values and 0.06 MeV for Zr in the curves speculate the regions of K-shell
absorption for the (PZBKTANEr) Novel oxide glass.
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Fig. 4. Graph showing the differences in the effective atomic number (A) and the effective electron density

(B) as an energy map of ionizing radiation.

The atomic equivalent number (Z.) is very significant feature in the calculations of
exposure build-up factor (EBF), in terms of an equivalent element, it can be characterized as the
radiation protection characteristics of a particular material. In this study, only for the ionization
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energy range of 0.015 to 15 MeV, the atomic equivalent number values were measured from the
Compton scattering interaction. The maximum recorded value of atomic equivalent number was
obtained at 1 MeV. As a result of the Compton scattering process, a gradual increase in Z, values
was observed in the region of medium energies while these values dropped rapidly in the high
energy range (> 1 MeV) due to the pair-production effect.
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Fig. 5. Depending on the strength of striking ionizing photon, the line plot interprets the difference
in the equivalent atomic number (Z,,).

In this research, we evaluated the exposure build-up factor (EBF) and tested it with a
different scopes of photon energies, from 0.015 to 15 MeV (Figure-6) and found that the
calculated measurements were low in low energy and high energy range, which is the verification
pair-production and photoelectric phenomenon. In the photoelectric absorption region (low energy
domain), most incident photons are absorbed without extra transfer of energy or secondary
interactions. In the middle range of photon energy (0.04 < E < 3 MeV), an increase in EBF
measurements were noticed due to Compton effect, the incident photons were not fully absorbed
by the shielding material. Such activities increase the formation of secondary photons that give rise
of interaction in the matter. The incident photons are more active in the high energy environment
which result in high penetration and limited interaction with the shielding material. Furthermore,
higher EBF values were observed with deeper penetration. Particularly, the use of PZBKTANEr
novel glass gave rise to high documented values at low incident photon energies (Figure 6 B);
sharp increase confirming the fact that the material component is high atomic number metallic
element (Erbium, Er, Z= 68). The high atomic number factor in the shielding material promotes
greater extent of further secondary radiation interactions (MFP).
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Fig. 6. Line plots display the measurements regarding reported build-up factor of exposure (EBF)
and energy absorption (EABF) as a function of electromagnetic radiation, considering the space
amongst the cause of ionizing rays and the sensor of rays (MFP).
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The particular build-up factor of exposure (EBF) and energy absorption (EABF)and
PZBKTANEr Glass photon energy at G-P fitting coefficients (a, b, ¢, d and X|) are shown in
Figure-7 [40-42]. The upsurge in penetration depth allows the EBF and EABF values to rise due to
frequent interactions and photon build-up. This reflects that PZBKTANEr Glass has the maximum
Z.q values and minimum measurements of EBF and EABF. The build-up factor of exposure (EBF)
and energy absorption (EABF) measurements depend upon the chemical structure and atomic
numbers of the substance. Higher radiation protection capabilities are represented by smaller
values of EBF and EABF.
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Fig. 7. Graphs representing build-up factor of exposure (EBF) and energy absorption (EABF) and the
energy of the photon of the oxide glass (PZBKTANEY) at G-P fitting coefficients (a, b, ¢, d, and X}).
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Ultimately, we tested the rapid neutron shielding abilities of the projected oxide glass
(PZBKTANETr by 3 % Er, Os). For the novel glass material and the other shielding materials, the
Fast Neutron-removal Cross-Section (FNRCS) values were calculated (Figure- 8). PZBKTANEr
with a 3% Er, O; composition showed equivalent FNRCS values to other commercially available
shielding products. This means that PZBKTANE-r's neutron shielding performance with a 3% Er,
O; composition is slightly increased. The novel glass material showed less hardening efficiency
for neutrons when was compared with the marketable radiation protecting glasses like RS-253
G18, RS-360, and RS-520. For example, the documented Fast Neutron-removal Cross-Section
measurements showed a recorded percentage variance of ~ 23.03 % for PZBKTANEr with 3% Er,
0s, and RS-253-G18 glass. The registered Fast Neutron-removal Cross-Section values showed a
recorded percentage variance of ~ 51.13 % with PZBKTANEr with 3% Er, O; and RS-360 glass.
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Figure 9 depicts the usual Raman spectra of phosphate glass. The phosphate glasses'
structure is mostly constituted of Qp of PO4 tetrahedra where; n = number of bridging oxygen per
PO4 tetrahedron. The symmetric stretching of P-O is assigned at 1300 cm-1 of an asymmetric
profile, the symmetric stretching of a nonbridging oxygen on a Qp tetrahedron is assigned at 1200
cm-1, P-O-P symmetric vibrations are assigned at 700 cm-1, and the symmetric stretching of the
orthophosphate groups is assigned near 950 cm-1. Cross-linking between short P-O structural units
is provided by P-O-Al connections.
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Fig. 9. Raman spectra of fabricated glass (PZBKTANEYr by 3% Er,03).

4. Conclusion

Ionizing radiation with a wide range of energy and frequencies is leading to a new
technological revolution in many fields of science and medicine. However, strict and reliable
radiation safety procedures and guidelines need to be put in place to allow the effective use of
these technologies. Radiation protection products are a key component of these technologies and
procedures. In this study, we analyzed a new oxide glass (PZBKTANEr) with Phy-X / PSD
software for ionizing radiation ranging from 0.015 to 15 MeV. The results of the modeling process
showed a relationship between the energy of the incoming photon and the values observed by by
the linear attenuation coefficient (LAC) and the mass attenuation coefficient (MAC) and our novel
glass performed better than other glasses being used for radiation protection commercially.

Moreover, our Novel Glass material has slightly lower Half-value layer (HVL)
measurements than radiation protection materials of healthcare units and other protective
equipment’s. In addition, PZBKTANEr showed significantly better measured Atomic Cross-
section (ACS) and the Electronic Cross-section (ECS) values than the other supplies mainly used
for radiation protection in different industries and health services. A similar trend is seen for
effective atomic and electron numbers (Zeff and Neff) measurements for PZBKTANE, higher
values were reported for studied material than the radiation shielding materials used mainly in the
medical and technical fields. This study shows that the newly formed glass material can be used
for several radiation shielding purposes in both medical and technical sites.
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