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Abstract: The melt-quenching approach was used to prepare phosphate–titanite glasses with the
composition P2O5-Na2O-CaO-8KF-CaCl2-xTiO2 (where x = 2, 4, and 6) in a mol %. The optical,
physical, and shielding properties, such as the mass attenuation coefficient (MAC), half-value layer
(HVL), effective electron density (Neff), and effective atomic number (Zeff), of the glasses were
investigated at energies ranging between 15 and 200 keV. The shielding parameters were investigated
using recently developed software (MIKE). The optical properties were examined using devices such
as UV-Vis-NIR spectroscopy over wavelengths ranging between 190 and 2500 nm. The reported
results showed that increasing the concentration of TiO2 led to an increase in the density from 2.657
to 2.682 g/cm3 and an increase in the OPD from 66.055 to 67.262 mol/L, while the molar volume
(VM) and oxygen molar volume (VO) decreased from 39.21 to 39.101 cm3/mol and from 15.139
to 14.867 cm3/mol, respectively. The energy gap was found to decrease from 3.403 to 3.279 eV
when the TiO2 concentration increased. Furthermore, as the surface plasmon resonance of TiO2

increases, so does its third-order susceptibility, non-linear refractive indices, linear attenuation, and
mass attenuation. The shielding performance evaluation indicates that the most suitable energy
range is between 15 and 50 keV. Based on the results, the PCKNT3 glass sample exhibits the highest
attenuation performance of all of the samples tested.

Keywords: phosphate–titanite glasses; absorbance spectra; optical energy gap; third-order suscepti-
bility; non-linear refractive indices; mass attenuation coefficient

1. Introduction

Metal oxides such as sodium oxide (Na2O), calcium oxide (CaO), magnesium oxide
(MgO), phosphorus pentoxide (P2O5), thallium oxide (TiO2), and silicon dioxide (SiO2)
have been discovered to be necessary components for glass-ceramics and glasses, as well
as bioactive glasses [1,2]. Their physical and optical performance factors, such as their
refractive-index- or energy-gap-based oxide ion polarizability, cation polarizability, and
optical basicity, make them suitable candidates for different optical applications [2]. A
considerable contribution to the existing literature on advanced medical applications is
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made by theoretical investigations into bioactive glasses and their radiation attenuation
capacities, which are difficult or impossible to accomplish experimentally or clinically. By
delivering biomaterial-driven regenerative medicine, bioactive glasses enable the discovery
of new techniques in medicine. This has cleared the path for bioactive glasses to be used as
implant materials in medical repair and replacement procedures. Bioactive materials have
been employed in a variety of applications, from dental to soft tissue healing. The first
bioactive glass-ceramic created with the chemical form of 45 wt% SiO2, 24.5 wt% CaO, 24.5
wt% Na2O, and 6.0 wt% P2O5 [3] showed good biocompatibility and bone-bonding ability.
This sample is known as 45S5 bio-glass. During therapeutic and diagnostic operations,
bioactive materials can interact with ionizing radiation. Because bioactive glasses are
used inside the human body for the aforementioned purposes, they may be subjected to
harmful radiation from X-ray and gamma-ray equipment, which are commonly employed
in hospitals to detect and cure disorders in the human body. Titanium dioxide has been
widely investigated as an implant material in dental and orthopedic implants. Results show
that it has good mechanical and biocompatibility compared to other existing materials such
as stainless steel and cobalt–chrome alloys [4–7]. A complete understanding of photon
interactions with various phosphate–titanite glass compositions, including their X-ray and
gamma photon interactions, is therefore critical and must be achieved. Several studies have
been conducted to evaluate the effectiveness of phosphate–titanite materials in shielding
applications as well as their mechanical and optical properties [8–13]. Al-Harbi et al. (2020)
studied the shielding characteristics of a glass system comprising phosphate glasses with
the composition SiO2–Na2O–P2O5–CaO–B2O3 using MCNP5 and Phys-X software. Good
radiation protection was reported at the low energies of 15 to 40 keV. Alalawi et al. (2020)
studied the shielding effectiveness of phosphate glasses as bioactive glass systems with the
structureP2O5-Na2O-CaO-K2O-MgO at nuclear medicine energies. Their results indicate
that the addition of K2O has a significant effect on shielding properties. Another factor
that also should be considered is the radiation-induced point defects in oxides. Highly
ionic MgO, partly covalent corundum (Al2O3), ferroelectric KNbO3, silica-based optical
fibers, fiber-based devices, and optical fiber sensors were reported [14,15]. This material, if
irradiated by energetic particles, leads to the displacement of an atom into an interstitial
position, leaving a vacancy behind. Most radiation shielding materials are made of lead,
which has a high atomic number and high shielding efficiency. On the other hand, the
lead is considered to be a toxic, heavy, and electron-contaminated material that increases
the dose that staff and patients are exposed to, especially when dealing when equipment
for patient contact shielding, such as protective lead aprons and thyroid shields placed
in contact with a patient’s skin to protect sensitive organs such as the chest, thyroid, and
lenses of eyes. In this paper, we presented a new phosphate–titanite glass system with the
composition 45P2O5-20CaO-15CaCl2-8KF-10Na2O-xTiO2 (where x = 2, 4, and 6), encoded
by PCKNT1, PCKNT2, and PCKNT3 to replace the existing toxic shielding material used
in dental and low-energy diagnostic applications. The shielding parameters include the
linear attenuation coefficient (LAC), mass attenuation coefficient (MAC), half-value layer
(HVL), mean free path (MFP), and effective atomic number (Zeff). In addition, the optical
and physical properties of the prepared glasses were studied at low energies to replace the
toxic shielding materials and to reduce the amount of exposure doses.

2. Materials and Methods
2.1. Sample Preparation

Phosphate–titanite glasses with the composition 45P2O5-20CaO-15CaCl2-8KF-10Na2O-
xTiO2 (where x = 2, 4, and 6) in a mol percentage were prepared using the melt-quenching
technique. The raw materials were put in a Pt crucible in the heating furnace at a tem-
perature in the range of 1200 to 1250 ◦C for 30 min, depending on the composition. The
melt was stirred, and when the viscosity was high, the melt was cast in the brass mold.
The prepared sample was put in the annealing furnace for 2 h at 420 ◦C, and after that, it
was switched off. A helium pycnometer (UltraPyc1200e) was used to measure the sample



Crystals 2022, 12, 941 3 of 15

densities. The sample densities and the chemical compositions of the prepared samples
together with the computed refractive index (n) are illustrated in Table 1.

Table 1. The composition, density (ρ), and refractive index (n) of the PCKNT glass system.

Sample Code Composition
(mol%)

Density in
gcm−3 ± 0.037

Refractive
Index

PCKNT1 45P2O5-20CaO-15CaCl2-8KF-10Na2O-2TiO2 2.657 1.616
PCKNT2 45P2O5-20CaO-15CaCl2-8KF-10Na2O-4TiO2 2.6792 1.637
PCKNT3 45P2O5-20CaO-15CaCl2-8KF-10Na2O-6TiO2 2.6827 1.649

The radiation parameters were calculated using a recently developed software package,
MIKE [16]. The shielding performance of the glass samples was evaluated and compared
to other phosphate–titanite glasses materials that are reported in the literature.

2.2. Optical Properties

The average molar weight of the mixtures, M, can be calculated from the mole fractions,
xi, of the constituent elements and their molar masses, Mi [17]:

M = ∑ xiMi, (1)

where xi is the element molar fraction, and Mi is the glassy composition molecular weight.
The change in the sample structure with respect to the molar composition can be better

explained in terms of the molar volume rather than the density of the sample material,
which expresses the oxygen distribution in the sample structure. The molar volume (VM)
of glass materials can be calculated using the following equation [17]:

VM =
M
ρ

(2)

where M is the average molar weight of the sample and ρ is the density of the sample. The
parameter that measured the volume of glass in 1 mole of oxygen is known as the oxygen
molar volume VO, which can be calculated using the following equation [17]:

VO = VM

(
1

∑ xini

)
(3)

where VM is the molar volume of the glass material, xi is a molar fraction, and ni is the
number of oxygen atoms in each oxide.

The oxygen packing density (OPD) of any glass material that characterizes the optical
properties of the glass samples can be calculated using the following relationship [17]:

OPD = 1000 ∑ xini

(
1

VM

)
(4)

where VM is the molar volume of the glass materials, xi is a molar fraction, and ni is the
number of oxygen atoms in each oxide.

The molar refraction (Rm) can be calculated using the following equation [17]:

Rm =
n2 − 1
n2 + 2

× VM (5)

The reflection loss, RL in percentage, can be calculated using the following equation [17]:

RL =

[
(n − 1)
(n + 1)

]2
(6)

where n is the refractive index of the glass materials.
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The molar electronic polarizability (αm) can be calculated using the following equation [17]:

αm =
Rm

2.52
(7)

The Miller coefficient estimated to determine the first-order nonlinear optical suscepti-

bility of the isotropic medium, χ1, can be computed as follows: χ(1) =
(n2−1)

4π ; the third-

order nonlinear optical susceptibility, χ(3), can be determined by χ(3) = 1.7 × 10−10
[
χ(1)

]4

esu; and the nonlinear refractive indices, n2, are calculated according to n2 = 12πχ(3)

n .

2.3. Shielding Properties

When a mono-energetic photon beam with an initial intensity of I0 travels through a
d cm thick barrier, its intensity is reduced according to the Beer–Lambert law [18]:

LAC = µ = −
ln I

I0

d
(8)

where I0, I, and µ represent the un-attenuated and attenuated photon intensity, and the
linear attenuation coefficient, respectively.

On the other hand, the mass attenuation coefficient, µm =(µ/ρ), is defined as the
probability of photons interacting within the barrier and can be calculated using the
following equation [19]:

MAC =
µ

ρ
= ∑wi(

µ

ρ
)

i
(9)

where (wi,
(
µ/ρ)i

(
cm2/g

)
, ρ
)

represents the fractional weight and the mass attenuation
coefficient of the individual components in each component, and ρ indicates the density of
the material, respectively.

The total atom cross section (σa) and total electronic cross section (σe), which charac-
terize the probability of photon interaction within the material, can be calculated using the
following relationships [19,20]:

σa = σm
1

∑ i ni
=

(µ/ρ)target

NA ∑ i wi
Ai

(10)

σe =
1
N∑i(

µ

ρ
)

i

fiAi

Zi
(11)

where NA, Ai, fi, and Zi represent the Avogadro constant, the atomic weight of the element,
the fractional abundance, and the atomic number of the target element.

The effective atomic number (Zeff), which identifies photon interaction in terms of
photoelectric absorption and Compton scatter, can be estimated from the total atom cross
section and total electronic cross section using the following relation [21]:

Zeff =
σa

σe
(12)

The number of electrons per unit mass of the shielding material and the electron
density can be calculated using the following relationship [21]:

Neff = N
Zeff

∑ ifiAi
(13)



Crystals 2022, 12, 941 5 of 15

The mean free path (MFP), which indicates the average distance that the photon is able
to travel through the barrier, is inversely proportional to the linear attenuation coefficient,
LAC. The MPF can be estimated using the following equation [22–25]:

MFP =
1

LAC(µ)
(14)

The necessary thickness of the shielding material, which is characterized by the half-
value layer (HVL) and the tenth value layer (TVL), is inversely proportional to the LAC.
The following equations can be used to calculate the HVL and TVL [22–25]:

TVL =
2.302

LAC(µ)
(15)

HVL =
0.693

LAC(µ)
(16)

3. Results and Discussion
3.1. Physical and Optical Parameters

Table 1 shows the sample codes, compositions, measured densities, and refractive
indices of the proposed phosphate–titanite glasses. Table 2 shows the molar volume,
oxygen molar volume, oxygen packing density, energy gap, and Urbach energy of the
proposed phosphate–titanite glasses. Table 3 shows the molar reflection (Rm), electronic
polarizability (αm), and metallization (M) of the studied glasses. These are the parameters
that are used to determine if the current network of glasses is dense or weak. Table 1 shows
that increasing the TiO2 concentration from 2 to 6 mol percent raises the density from
2.657 to 2.682 g/cm3. As illustrated in Table 2, the VM and VO of the PCKNT glass sample
decreased from 39.21 to 39.101 cm3/mol and from 15.139 to 14.867 cm3/mol, respectively.
Each variable, VM and V0, is exactly proportional to the spatial distribution of the oxygen
in the glass matrix. Whenever the ionic radius of the modifier ion is smaller than the size
of the interstices of the glass network, an attraction to oxygen ions occurs, and the size of
the interstices may decrease, as reported by Shebly [26]. This leads to a decrease in the
values of VM and VO. Otherwise, by increasing the TiO2 content from 2 to 6 mol %, the
OPD increased from 66.055 to 67.262 mol. Otherwise, upon increasing the TiO2 content
from 2 to 6 mol %, the OPD increased from 66.055 to 67.262 mol·L−1 due to the increased
oxygen atom number per unit volume [27].

Table 2. The molar volume (VM), oxygen molar volume (VO), optical packing density (OPD), energy
gap (Eopt), and Urbach energy (∆E) of the prepared glasses.

Sample
Code

VM
(cm3/mol)

VO
(cm3/mol)

OPD
(mol−1)

Energy Gap,
Eopt (eV)

Urbach
Energy, ∆E

(eV)

PCKNT1 37.460 14.464 69.139 3.403 0.2964
PCKNT2 37.284 14.285 70.000 3.324 0.2914
PCKNT3 37.369 14.208 70.379 3.279 0.3031
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Table 3. The electronic polarizability (αm), molar reflection (Rm), and the metallization (M) of the
studied glasses.

Sample Code
Molar Polarizability,

αm, (Å
3
)

Molar Refraction,
Rm, (cm3 /mol)

Metallization (M)
(±0.001)

Third-Order
Non-Linear

Susceptibility
χ(3) × 10−14 (esu)

Nonlinear
Refractive Indices,
n2, × 10−13 (esu)

TPNK1 5.195 13.090 0.407 4.61 6.97
TPNK2 5.310 13.383 0.402 5.44 8.22
TPNK3 5.402 13.613 0.400 5.97 9.02

The optical absorption spectra of crystal and non-crystalline materials are a useful
tool for calculating optical band gap values in glass systems. As illustrated in Figure 1,
appealing behavior can be observed over the wavelength range from 190 to 2500 nm. As
shown in all spectra of the glasses, there is a maximal peak at the absorbance positions in
the near ultraviolet range, in the wavelength range of 400–750 nm in the visible range.
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Figure 1. Absorbance spectroscopy for different compositions of PCKNT.

As shown in Figure 1, the increase in observed absorbance peaks in this range
(400–600 nm) can be attribed to the increase in the TiO2 content from 2 to 6 mol % in
the prepared glass system. The observed absorbance peaks at around 497 nm indicate the
presence of nanoparticle (NP) surface plasmon resonance (SPR). The SPR-related effects of
the NPs of TiO2 in the prepared glass matrices are as reported by ref. [28], showing good
agreement with our results. Monge et al. [29] estimated the band that appears in the optical
spectroscopy of the MgO crystals with the photon excitation of the positively charged anion
vacancies at 5.0 eV is equal to the wavelength = 1.24/5 = 248 nm. Moreover, PCKNT2 and
PCKNT3 have their greatest absorbance values in the visible spectrum of light, implying
that they are suitable for optical applications.

The transmission spectra of the investigated glasses are depicted in Figure 2. As shown
in Figure 2, the transmission spectra were calculated in the ultraviolet (UV) range through
the visible (Vis) to mid-infrared (MIR) ranges.
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All of the glasses are characterized by similarly shaped transmission spectra in which
the MIR absorption cut-off wavelength is equal to about 563 nm. The optical absorp-
tion coefficient α(v) was estimated from the Beer–Lambert law (Equation (1)) using the
following equation:

α(v) = ln(10)·A/X (17)

where A and X are the absorbance of the glass sample and the glass sample thickness,
respectively. The optical band gap energy (Eopt) for an indirect transition can be calculated
using the equation derived by Mott and Davis as follows [30]:

α(v) = B (hv − Eopt)
n/(hv) (18)

where α, B, Hv, and Eopt are the absorption coefficient, constant depending on the glass
composition, photon energy, and optical band energy gap, respectively.

Figure 3 shows the plot of (αkv)1/2 versus the photon energy (hv), which was used to
calculate the optical energy gap for indirect transitions; the optical energy gap (Eopt) for
glass samples was estimated by extrapolating the linear region of (αkv)1/2 vs. (hv) (αkv)1/2

= 0, as shown in Figure 3. The energy gap was found to be decreased from 3.403 to 3.279 eV
when the TiO2 concentration increased.
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The refractive index values (n) were estimated from the energy gap values using the
following equation [31]: √

1 +
Eopt

20
=
(n + 1)(n − 1)

n2 + 2
(19)

The value of the refractive index (n) increases from 1.616 to 1.649 when the TiO2
concentration ranges from 2 to 6 mol %. The rise in the refractive index is due to the high
polarity of the Ti+3 ion, which has the ability to break the bridging oxygen (BO) with low
polarity and to generate non-bridging oxygen (NBO) with high polarity. The increase in
the concentration of non-bridging oxygen increases the value of the refractive index, which
is consistent with the findings by others [32,33]. The values of indirect Eopt obtained for
the prepared glasses were higher than those reported in other glass systems composed of
39B2O3-30PbO-20MO-10Bi2O3-1Eu2O3 (where M=K, Na, Ca, Sr, and Ba) [34], B2O3-CaO-
TeO2-ZnO-ZnF2-Sm2O3 [35], and B2O3-SrCO3-Nb2O3-BaCO3-Dy2O3 [36]. Otherwise, the
values of the density, refractive index, and optical packing density of the present glasses
were lower compared to the glasses reported in Refs. [34–37].

The Urbach energy (∆E), the width of the localized states, is utilized to measure
the disorder degree of the atomic structure, which can be obtained by the following
equation [33]:

α(v) = β exp
(

hv
∆E

)
(20)

where (β) is constant.
Table 2 shows the Urbach energy values (∆E). These values were estimated by taking

the reciprocal of the slopes of the linear part from the plot of ln(α) against (hv), as shown
in Figure 4. It was found that the value of (∆E) increased from 0.2964 to 0.3031 eV by
increasing the TiO2 concentration from 2 to 6 mol %.
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Table 3 illustrates the molar refraction (Rm), molar polarizability (αm), metallization
(M), third-order non-linear susceptibility χ(3), values and the nonlinear refractive indices,
n2. The Rm and αm values were increased from 23.246 to 23.468 in cm3·mol−1 and from
9.254 to 9.313 in A03, respectively, while the value M decreased from 0.407 to 0.4 as the
doped TiO2 increased from 2 to 6 mol %. The refractive index (n) value was found to be
strongly dependent on the ratio αm/Vm(i.e., the value of n increases as the ratio αm/Vm
increases). Both χ(3) and n2 increased from 4.61 to 5.97 × 10−14 (esu) and from 6.97 to
9.02 × 10−13 (esu), respectively, as the TiO2 increased in the prepared glass matrix, which
was due to the hyperpolarizability of SPR of TiO2.

3.2. Radiation Shielding Properties

Figure 5 and Table 4 show the calculated mass and linear attenuation coefficients (MAC
and LAC) for the prepared glasses at photon energies ranging between 15 keV and 200 keV
using the MIKE program. As shown in Figure 5, the mass and linear attenuation coefficients
show strong dependance on the photon energy. The value of the mass attenuation coefficient
decreases rapidly up to a photon energy of 50 keV due to the influence of the photoelectric
effect, which is the dominant interaction in low photon energies. For energies above 50 keV,
the mass attenuation coefficient decreases slowly as the photon energy increases. It is clear
that the reduction in the Na2O concentration and the increase in TiO2 result in an increase
in the MAC values. The glass sample PCKNT3 has the highest MAC value among the glass
samples under investigation.
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Table 4. Mass and linear attenuation coefficient values for PCKNT glass systems.

Energy MAC (cm2/g) LAC (cm−1)

(keV) PCKNT1 PCKNT2 PCKNT3 PCKNT1 PCKNT2 PCKNT3

15 10.90102 11.16849 11.43404 28.96401 29.92261 30.67410
20 4.774876 4.893544 5.011364 12.68685 13.11078 13.44399
30 1.548614 1.585303 1.621729 4.114668 4.247342 4.350612
40 0.751224 0.766921 0.782506 1.996003 2.054735 2.099228
45 0.576625 0.587683 0.598662 1.532093 1.574521 1.606031
50 0.464047 0.472114 0.480124 1.232974 1.264889 1.288029
60 0.334767 0.339434 0.344067 0.889477 0.909411 0.923029
80 0.227503 0.229457 0.231396 0.604476 0.614760 0.620767
100 0.184884 0.185867 0.186844 0.491237 0.497976 0.501247
140 0.149130 0.149470 0.149808 0.396238 0.400461 0.401891
150 0.143928 0.144200 0.144470 0.382417 0.386341 0.387570
160 0.139497 0.139716 0.139934 0.370643 0.374327 0.375400
170 0.135584 0.135761 0.135938 0.360247 0.363732 0.364680
180 0.132166 0.132312 0.132456 0.351165 0.354489 0.355340
190 0.129059 0.129179 0.129299 0.342910 0.346098 0.346871
200 0.126231 0.126331 0.126430 0.335397 0.338466 0.339174

The half-value layer (HVL) and mean free path (MPF) are considered important
parameters used to evaluate the shielding effectiveness of the proposed material. The
HVL is used to estimate the thicknesses that reduce the intensity of the radiation beam to
half its initial values. They are often utilized in shielding calculations and are considered
important since they quickly and directly indicate the ability of any barrier evaluated to
reduce the ionizing radiation to a level that is fairly good for the environment. Table 5 and
Figure 6a,b show the calculated HVL, TVL, and MFP of the prepared phosphate–titanite
glasses at photon energies ranging between 15 and 200 keV. The values of HVL, TVL,
and MFP decreased as the TiO2 concentration increased. These findings are consistent
with the values reported for the MAC. Furthermore, the phosphate–titanite glasses under
investigation were evaluated via comparison to commercially standard shielding materials
such as those developed by Schott Co., Germany (RS-253 G18, RS-520, and RS-360) [38]. As
shown in Figure 7a,b, the prepared glass samples show good performance at low energies.
Although the standard materials showed better shielding performance compared to the
proposed phosphate–titanite, the prepared glasses have advantages as light-weighted



Crystals 2022, 12, 941 11 of 15

shielding materials, especially for digital dentistry applications. In such applications, a
heavy shielding material such as a lead-based shielding material is not preferable due to its
toxicity and heavy weight. As shown in Figure 7a, the prepared phosphate–titanite glasses
showed an HVL of less than 0.5 cm at energies up to 50 keV, which makes them the material
of choice in this energy range. For instance, the values recorded for PCKNT1, PCKNT2,
and PCKNT3 at 45 keV were found to be 0.443 cm, 0.432 cm, and 0.424 cm, respectively.
These findings are consistent with other findings in the literature [8,9].

Table 5. Half-value layer, tenth value layer, and the mean free path of prepared PCKNT glasses.

Energy HVL (cm) TVL(cm) MFP(cm)

(keV) PCKNT1 PCKNT2 PCKNT3 PCKNT1 PCKNT2 PCKNT3 PCKNT1 PCKNT2 PCKNT3

15 0.023926 0.023160 0.022592 0.079409 0.076865 0.074982 0.034526 0.03342 0.032601
20 0.054624 0.052857 0.051547 0.181290 0.175428 0.171080 0.078822 0.076273 0.074383
30 0.168422 0.163161 0.159288 0.558976 0.541515 0.528661 0.243033 0.235441 0.229853
40 0.347194 0.337270 0.330121 1.152303 1.119366 1.095641 0.501001 0.486681 0.476366
45 0.452322 0.440134 0.431499 1.501214 1.460762 1.432102 0.652702 0.635114 0.622653
50 0.562056 0.547874 0.538031 1.865409 1.818341 1.785674 0.811047 0.790583 0.776380
60 0.779109 0.762031 0.750789 2.585789 2.529109 2.491797 1.124256 1.099612 1.083390
80 1.146448 1.127268 1.116361 3.804949 3.741295 3.705095 1.654326 1.626650 1.610911

100 1.410726 1.391633 1.382553 4.682062 4.618695 4.588561 2.035679 2.008128 1.995026
140 1.748948 1.730506 1.724350 5.804588 5.743383 5.722951 2.523734 2.497123 2.488240
150 1.812157 1.793752 1.788063 6.014374 5.953290 5.934410 2.614945 2.588387 2.580178
160 1.869722 1.851321 1.846030 6.205428 6.144355 6.126795 2.698012 2.671459 2.663824
170 1.923683 1.905249 1.900298 6.384517 6.323339 6.306904 2.775877 2.749278 2.742132
180 1.973429 1.954925 1.950245 6.549621 6.488207 6.472675 2.847661 2.820960 2.814207
190 2.020940 2.002325 1.997862 6.707306 6.645522 6.630710 2.916220 2.889358 2.882917
200 2.066209 2.047470 2.043198 6.857546 6.795356 6.781175 2.981542 2.954503 2.948337

Table 6 and Figure 8a,b depict the Zeff and Neff behaviors of prepared phosphate–
titanite glass samples at energies ranging between 15 and 200 keV. As shown in Figure 8,
the values of Zeff and Neff decrease as the photon energy increases up to 200 keV. The
recorded values are found to be directly correlated with the TiO2 concentration in the
glasses, following the order of PCKNT3 > PCKNT2 > PCKNT1. This was expected because
the Zeff and Neff for all of the photons of any energy level are dependent on the mass
attenuation coefficients of the constituent elements. The maximum values of Zeff and Neff
were recorded at an energy of 15 keV. These findings are in agreement with other findings
in the literature [39,40].
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Table 6. Effective atomic number and effective electron density for PCKNT glasses.

Energy Zeff Neff × 10+23

(keV) PCKNT1 PCKNT2 PCKNT3 PCKNT1 PCKNT2 PCKNT3

15 15.929 16.085 16.347 4.2 4.22 4.24
20 15.850 16.008 16.273 4.18 4.21 4.22
30 15.394 15.550 15.822 4.06 4.08 4.11
40 14.696 14.842 15.117 3.88 3.90 3.92
45 14.321 14.462 14.734 3.78 3.80 3.82
50 13.958 14.090 14.357 3.69 3.71 3.73
60 13.320 13.436 13.685 3.52 3.54 3.55
80 12.447 12.534 12.747 3.29 3.30 3.31
100 11.975 12.045 12.230 3.16 3.17 3.17
140 11.566 11.618 11.775 3.05 3.05 3.06
150 11.515 11.565 11.719 3.04 3.04 3.04
160 11.474 11.522 11.673 3.03 3.03 3.03
170 11.442 11.488 11.637 3.02 3.02 3.02
180 11.415 11.460 11.606 3.01 3.01 3.01
190 11.392 11.437 11.581 2.97 2.99 3.01
200 11.375 11.418 11.561 2.95 2.97 2.99
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4. Conclusions

The physical, optical, and shielding properties of novel glass systems with the com-
position of P2O5-Na2O-CaO-8KF-CaCl2-xTiO2 (where x = 2, 4, and 6) in a mol % were
developed. The reported results showed that increasing the concentration of TiO2 led to
an increase in the density from 2.657 to 2.682 (g/cm3) and an increase in the OPD from
66.055 to 67.262 mol/L, while the molar volume (Vm) and oxygen molar volume (V0)
decreased from 39.21 to 39.101cm3/mol and from 15.139 to 14.867 cm3/mol, respectively.
The increase in both χ(3) and n2 from 4.61 to 5.97 × 10−14 (esu) and from 6.97 to 9.02
× 10−13 (esu), respectively, when the TiO2 in the prepared glass matrix increased, is due to
the hyperpolarizability of SPR of TiO2. Furthermore, these glasses show good shielding
properties, which makes them suitable for low energy applications at the energy range
between 15 and 50 keV. Further work determining the biocompatibility of the proposed
materials will be conducted to study the safety and compatibility of these material for
low-energy diagnostic applications.
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