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Phy-X/PSD online program is used to obtain various radiation shielding indices in a
photon energy region located between 0.15 and 15 MeV for Geys-Asig-Tegs-Pby (X = 2, 4,
6, 8, 10 at %) chalcogenide glasses. The linear attenuation coefficient LAC, mass
attenuation coefficients MAC, effective atomic number Z, effective electron density Neg,
half-value layer, HVL, tenth value layer TVL, mean free path MEF, energy absorption
and exposure buildup factors (EABF, EBF), and fast neutron cross section FNRCS have
been introduced. The findings conclude that the LAC and MAC measurements are greater
and therefore better than commercial and traditional glasses. Also, it was found that HVL,
TVL, and MFP were reduced with the addition of Pb to the tested glasses, which improve
the shielding characteristics. Zg and Neg of the compositions under study were varied as
(42.58- 59.75) and (2.36-3.09 x 10% electrons/g) respectively. A reduction was noticed in
EBF and EABF values with the increment of Pb concentration in the investigated glasses
at the entire photon energies, at all values of MFP that emphasize the enhancement of
shielding properties of these glasses with the addition of lead. FNRCS were found to be
changed between 0.87 and 0.095 Cm™ as Pb content varies from 0.0 to 0.01 respectively
that let these glasses considered to be better as neutrons shield than some ordinary and
commercial glasses.
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1. Introduction

lonizing radiation is one of energy types emitted by specific atoms in the form of
electromagnetic waves or particles. Those who get exposed to ionizing radiation natural sources,
including what is found in water, plants and soil, as well as man-made sources e.g. X-ray machines
and medical devices. lonizing radiation is beneficial in some ways, since it is utilized in fields e.g.
industry, medicine, agriculture and scientific research. As the use of ionizing radiation increases,
the potential for health risks increases if it is not contained or used in a proper way. Severe health
impacts such as acute radiation syndrome, or skin burning can happen when radiation doses
exceed certain levels. To prevent the harmful effects of these radiations has become an urgent
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necessity especially for workers who deal with high doses of high energies radiations. The most
investigated materials were concretes, polymers, rocks and alloys [1-7]. The good competition
between the various shielding compositions is mainly done based on different factors including
efficiency, low cost, flexibility, transparency, and toxicity. Recently, many scientists have
developed various shielding materials [8-16]. The oxide glasses have the most of these efforts,
because of their great shielding efficiency, their high transparency and low manufacturing costs.

Nowadays, chalcogenide glasses are studied as shielding materials by many researchers as
their shielding characteristic is expected to be better than oxide glasses since they are denser [17-
19]. The investigation of chalcogenides as shielding radiations is resulted in recognizing that they
are better than many other traditional, commercial glasses and oxide glasses [17-19]. The stability
of these materials against high energetic radiations is enhancing their usage as shielding materials
[20]. Theoretically, many programs have been used to investigate the shielding indices. These
programs include XCOM and Monte Carlo simulation codes [21-27]. Phy-X/PSD online software
has been recently developed for this purpose [13]. Upon Phy-X/PSD, many research papers have
been published in various respectful journals [18, 28, 29]. In the present study we aim to determine
the shielding factors of Geys-Asi-Tegsx-Pby (X =0, 2, 4, 6, 8, 10 at %) according to Phy-X/PSD
online program in a photon energy region located between 0.15 and 15 MeV, compare the results
of the various shielding parameters with those of the ordinary and commercial glasses, discuss the
findings according to the physical properties of these materials and indicate the possibility of using
these materials as materials with high radiation protection.

2. Materials and methods

It has been confirmed that the ability of synthesizing the multicomponent chalcogenide
glasses Geas-Asio-Tegsx-Pby, and their interesting physical properties were investigated [30]. the
Shielding characteristics of Geys-Asio-Tegsx-Pby are our focus of interest. The Phy-X/PSD
program is used to evaluate the radiation shielding indices in the photon energy located through
0.015 and 15 MeV. The density and the corresponding chemical formula of each investigated
sample were inputted. Then the program has been calculated the shielding factors. As it is known,
the time taken to complete these calculations depends on the number of the investigated samples
and the used computer processor. We have used a laptop of processor intel (R) core (TM) i7-
10750H CPU @ 2.6 GHz. Table 1 shows the various compositions under investigation, their
abbreviations, and the corresponding densities (gm/Cmd).

Table 1. The abbreviations and densities of Ge,s-Aso-Tegsx-Pby (X =0, 2, 4, 6, 8, 10 at %) compositions.

Sample no. | Name Code Density
1 Geys-Asip-Tegs GATP1 | 6.033
2 Geys-As-Tegs-Pb, | GATP2 | 6.216
3 Geys-Asy-Teg-Pbs | GATP3 | 6.394
4 Geys-Asyp-Tesg-Pbg | GATP4 | 6.566
5 Geys-As-Tes;-Pbg | GATPS | 6.735
6 Geps-Asio-Tess-Pbio | GATP6 | 6.899
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The well-recognized Beer-Lambert formula that identifies the relation between the
attenuated, | and un-attenuated, 1, as a mono-energetic photon intensities migrating across the
medium is defined as [31]:

I =1, 1)

where x (cm™) is the linear attenuation coefficient, and d (in cm) is the thickness. The mass
attenuation coefficient, MAC (un, in cm?g) is a parameter defining the likelihood of
interactions, between the incident photons and the mass of an area equal unity for a material [31]:

_(gj_ CIn(l/1) — In(1/1y)
My = o) od g
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where d,, (in g/cm?) is the mass thickness of a specimen, and p (g/cm?) is the density of the
material. The next expression evaluates the u, for a certain sample [31]

{3e(2)

where w; is the weight fraction of the j™ involved element. The half-value layer HVL and the tenth
value layer TVL are the essential depth to lower the intensity of the incident photons to 0.5 and 0.1
of its value, respectively [13].

HVL = In(2) VL= In(10) )

H H
The mean free path MFP, distinguish the mean distance the photons travel before making
a further interaction and estimated according to x values as followed [13]:

mrp=1, 5)

U

The effective atomic number Z of the material based on the next formula [13]:

Zeff ==, (6)

where g, (in cm’/gm) is the total atomic cross-sections [13], and a¢(in cm?/gm) is the total electronic
cross-sections [32]
Besides, N (in electrons/kg) is the effective number of electrons that defined as [33]:

N Moy
Na =N 2= ¥

where z n; is the total number of elements in the material Effective conductivity (Ces ; in S/m) is

expressed as [34]:
N, pe’
C.s =(MJ103, (®)
m
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where m, (in kg) and e (in Coulomb) are mass and charge of the electron, respectively, z (in sec) is
the mean lifetime of the electron at the Fermi Surface.

The Energy exposure and absorption buildup factors (EBF and EABF) are two factors
satisfy the case of non-focusing beam of photon energy that Beer-Lambert law is moderated. The
relations and discussions of EBF and EABF are wildly explained in the literatures [35, 36], where
their calculations are based on the equivalent atomic number Zg,. Zqq is a single parameter used to
define the properties of materials concerning equivalent elements. Z., can be evaluated from the
ratio of the Compton partial mass attenuation coefficient relative to the total mass attenuation
coefficient at a certain energy of the photon, as follows [35, 36]:

, _Z(logR,~logR)+Z, (logR-logR,) ©)

“ logR, —log R,

where Z; and Z, are the atomic numbers of the elements corresponding to the ratios R; and Ry,
respectively and R is the ratio of mass attenuation coefficient due to Compton effect to the mass
attenuation coefficient due to the total processes for the selected glasses at a certain energy.

The neutrons that have not any charge, interact with the material across several processes.
These processes are nuclear fission, elastic and inelastic scattering, neutron capture and nuclear
spallation. The fast neutron removal cross section (FNRCS) (ZR) is a factor that is commonly used
to evaluate the neutrons attenuation ability of a certain material. FNRCS is defined as:-

ZR:Zpi(ZR/p)i (10)

Here, p; is the partial density and (ZR/p); is the mass removal cross section (MRCS) of the
ith constituent element, respectively [37]. MRCS were gotten in accordance with the literatures
[38, 39]

4. Results and discussion

Fig. 1 shows the variation of LAC values against photon energies for the investigated
system. LAC has higher values at the low photon energies, which attributed to the K-absorption
edge of the involved elements [40] (as shown in table 2). LAC is then decreased dramatically, it
shows an exponential behavior in the medium photon energy range, and it has a nearly constant
values at the high photon energies. LAC increases with the increasing of Pb doping ratio in the
photon energy ranges despite (this change is relatively small to the diagram scale).
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Fig. 1. LAC of the tested glasses (GATP1-GATP6) against photon energies (0.015 - 15 MeV).
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Table 2. The atomic number Z and the absorption edges (MeV) of the constituent elements under
investigation [40].

Element Z L3 L2 L1 K

Ge 32 1.217E-03 1.248E-03 1.414E-03 1.1103E-02
As 33 1.32310E-03 1.35860E-03 1.52650E-03 1. 18667E-02
Te 52 4.34140E-03 4.61200E-03 4.93920E-03 3.18138E-02
Pb 82 1.30352E-02 1.52E-02 1.58608E-02 8.80045E-02

It is well known that high monoenergetic photons interact with the material relying on the
sample's atomic number (Z) and the incident photons' energy E in various dominant interaction
processes at various energy ranges. Compton scattering (CS), and pair production (PP) are the
most probable to occur at low, intermediate, and high, photoelectric absorption (PE). Therefore,
the LACs of the various compositions under study have high values in the energy region where the
photoelectric effect is dominant. The investigated specimens are almost having higher values of
LAC than other commercial glasses and this indicate the possibility of using the investigated
samples for better shielding against harmful radiations (see table 3 )[41].

Table 3. LAC (in Cm™) of the investigated materials (GATP1-GATP6) versus some commercial glasses at
various photon energies (in MeV) [41].

Energy RS- | RS RS RS- | RS- | GATP1 | GATP2 | GATP3 | GATP4 | GATP5 | GATP6
in MeV 253 | 253- | 323- | 360 | 520

. G18 G19
0.2 ’-'E 032 033 |125 |1.72 |354 |1.819 2.03125 | 2.24634 | 2.46338 | 2.683 2.904
0.662 % 019 1019 (028 |032 |05 0.472 0.486 0.499 0.513 0.527 0.542
1.25 i 014 1014 (018 |0.21 |03 0.313 0.321 0.330 0.340 0.349 0.359

MAC as function in photon energy has the same behavior (Fig 2) as LAC as function in
photon energies. Fig 2 can be discussed in the same way of the above-mentioned dominant
interaction processes. MAC varies in the range (71- 0.043 Cm?/gm) in GATP6 and in the range
(61-0.041 Cm?/gm) in GATP1 as the photon energies change in between 0.015 and 15 MeV. Upon
previous work [42, 43], we can say that LAC and MAC of our studied glasses are larger,
consequently are better for shielding than some other traditional glasses as basalt- magnetite, steel-
scrap, ilmenite-limonite, hematite-serpentine, ilmenite, steel-magnetite, and concretes [42,43].
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Fig. 2. MAC of the studied glasses (GATP1-GATP6) versus photon energies (0.015 - 15 MeV).
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Figures 3, 4 show HVL and TVL variations as functions of photon energies (0.015-15
MeV). These graphs illustrate that HVL (0.00189-0.00142 Cm) and TVL (0.00627-0.0047 Cm) (for
GATP1-GATP6) have their lowest values at the lowest photon energy (0.015 MeV). HVL and TVL
increases rapidly until reaching 2 MeV, followed by a slowly increasing in the intermediate region
of photon energy. HVL and TVL behavior being constant in the higher energies up to 15 MeV.
These HVL and TVL behavior are attributed to the three basic processes of photon interactions
with medium: PE, CE, and PP.
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Fig. 3. HVL of the investigated chalcogenide glasses (GATP1-GATP6) as a function of photon energies
(0.015 - 15 MeV).
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Fig. 4. TVL of (GATP1-GATP6) glasses versus photon energies (0.015 - 15 MeV).

The results declare that the GATP6 has the lowest values of HVL and TVL especially at
almost medium and high photon energies (2-15 MeV). The addition of Pb to the (GATP1-GATP6)
chalcogenide glasses enhance the shielding coefficients specifically at the medium and high
photon energies, since Pb has higher density and atomic number in comparison with Te (Pb is
substituted by Te in the studied glasses).

Figure 5 illustrates the MFP plot against photon energy (0.015-15 MeV). It is obviously
shown that MFP has the same behavior of that of HVL and TVL.
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Fig. 5. MFP of (GATP1-GATP®6) tested glasses against photon energies (0.015 - 15 MeV).
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Fig. 6. HVL of (GATP1-GATP6) glasses and some ordinary and commercial glasses versus
photon energies (0.015 - 15 MeV).
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Fig. 7. MFP of (GATP1-GATP6) glasses under investigation and some traditional and commercial glasses
against photon energies (0.015 - 15 MeV).
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Figures 6 and 7 show comparisons between HVL and MFP of GATP glasses and other
commercial and ordinary glasses [13]. These plots show that HVL and MFP of the investigated
chalcogenide glasses GATP have lower values than all the ordinary glasses (Chromite, Ferrite,
Magnetite and Barite) and all commercial glasses (RS-360-RS-253-G18-RS-520). At lower photon
energies (0.015-0.03 MeV) RS-520 have lower values than all GAPT glasses. These results
confirm a good competition of GATP glasses under investigation for better shielding purposes.

It is known that high values of ACS and ECS point to good quality of radiation shielding.
Figures (8, 9) represent ACS and ECS respectively of GATP investigated glasses versus photon
energy (0.015-15 MeV). ACS and ECS have their highest values at the lowest photon energies.
ACS changes between 1.37E-20 and 8.38 E-24 Cm?/gm, also ECS changes between 2.84E-22
and1.64E-25 cm?/gm in GATP6 for example (the rest specimens take almost similar values). The
trend behavior of ECS and ACS plots of GATP glasses can be clarified relying on the main
interaction processes, PE, CE and PP.
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Fig. 8. ACS of (GATP1-GATP6) glasses as a function of photon energies (0.015 - 15 MeV).
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Fig. 9. ECS of the selected glasses (GATP1-GATP6) against photon energies (0.015 - 15 MeV).

FigurelO represents Z.; of GATP glasses against photon energy. Ze for the tested
specimens have their lowest values at 0.015 MeV. Zy have their highest values (59.75 -49.33) at
0.1 MeV for GATP1-GATP6 glasses. It is clearly confirmed that the compositions with higher
doping of lead have higher values of Z at the photon energy range, which indicate enhancing the
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shielding characteristic of the material. Hence the higher values of Z. means reducing the photon
energy crossing the medium.
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Fig. 10. Z¢ of (GATP1-GATPS6) studied glasses versus energies (0.015 - 15 MeV).

Besides, Nei and Ce, Which are dependent on Z, are displayed as a function of photon
energy, in figures 11 and 12 respectively. According to these graphs, N¢t and Cet have similar
behaviors of Zg.
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Fig. 11. Neg of the (GATP1-GATPS) studied glasses against photon energies (0.015 - 15 MeV).
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Fig. 12. C; of (GATP1-GATP6) with photon energies (0.015 - 15 MeV).
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R coefficient of GATP investigated compositions are represented in figure 13 as a function
of photon energy (0.015-15 MeV). The plot shows that the highest value of R is located at the
medium energy region at 1.5 MeV, where the CE is the more dominant process. Figure 14 displays
Z,q parameter versus photon energies. Zg, has its lowest values at 0.015 MeV and it increases
rapidly until achieving their maximum values at 1 MeV (Z, = 58.12 for GATP6). Then, the plots
drop gradually until being almost constant at the high energy region. The samples of higher ratio
of lead have higher values of Z, at the entire photon energies range, that GATP6 have the highest
Z.q at all photon energies.
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Fig. 13. R of the various (GATP1-GATP®6) glasses under study versus photon energies (0.015 - 15 MeV).
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Fig. 14. Z,, of (GATP1-GATP6) glasses against photon energies (0.015 - 15 MeV).

EBF and EABF are represented as a function of photon energy at different MFP (0.5 - 40).
Figures 15 (a-c) and figures 16 (a-c) displayed the EBF and EABF of (GATP1, GATP3, GATP6),
respectively. The curves show that EBF and EABF increase with increasing MFP at the entire
photon energy for all the tested compositions. At 0.03 MeV, EFB and EABF being maximum for
all values of MFP for all GATP glasses. The lowest values of EBF and EABF are at 0.015, 0.02
and 0.1 MeV (across K-absorption edges of the participating elements; Ge, As, Te, Pb). The lowest
values of EBF and EABF can be discussed based on occurrence possibility of different photon
interaction processes. Consequently, EABF and EBF were lowered. EBF and EABF increase at the
intermediate region of photon energies (where, the CE is the most effective process), due to the
improving of the photon dispersing process. Subsequently, the photon lifetime rises, which
enhances its ability to wander from the substance. Also, EBF and EABF display another rising in a
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higher photon energy (6 - 15 MeV) which assigned to the multiple scattering processes that
improve the growth of secondary gamma photons due to electron-positron annihilation.

—a— 0.5 MFP
—e—5 MFP

—4A— 10 MFP
—w— 20 MFP
—&— 30 MFP
—<— 40 MFP

EBF, GATP1
EBF GATP3

B

=

)
Photon Energy (MeV) Photon Energy (MeV)

@ (b)

10

10*°

10"

EBF GATP6

Photon Energy (MeV)

(©

Fig. 15. (a-c) EBF of the (GATP1-GATP6) glasses as a function of photon energies (0.015 - 15 MeV).
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Fig. 16. (a-c) EABF of (GATP1-GATP6) glasses against photon energies (0.015 - 15 MeV).
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It is noticeable that EBF and EABF reduce with increasing Pb content within the studied
samples at entire range of photon energy at all MFP values, which emphasize the enhancement of
radiation shielding quality with the addition of Lead to the tested specimens.

The measured values of FNRCS of the GATP compositions under investigation compared
with other commercial and ordinary glasses are obviously shown in figure 17 [13]. FNRCS values
(GATP1, GATP2, GATP3, GATP4, GATP5) were (0.087, 0.089, 0.09, 0.092, 0.094, 0.095 Cm™)
respectively. The plot show that FNRCS of GATP1-GATP6 glasses are superior and consequently
better than all the commercial glasses shown in the graph (RS-360, RS-253-G18, RS-520), but
they are lower than all the mentioned ordinary glasses (Chromite, Ferrite, Magnetite, Barite).
Indeed, Pb improves the shielding capability of the studied GATP samples by rising FNRCS,
which ascribed to the greater atomic number and the greater density of Pb compared with that of
Te.

Barite
Magnetite
Ferrite
Chromite
RS-520
RS-360

RS-253-G18

FNRCS, (Cm™)

Fig. 17. FNRCS of (GATP1-GATP6) glasses in comparison with FNRCS of some ordinary
and commercial glasses.

5. Conclusion

Shielding of high energetic radiations for different compositions of Ge,s-Asio-Tegs «-Pby (X
=0, 2, 4,6, 8, 10 at %) have been investigated in accordance with Phy-X/PSD program at photon
energies, which varies between 0.15 and 15 MeV. The results asserted that the investigated
specimens are almost having higher values of LAC than other commercial glasses and this
indicates the possibility of using the investigated samples for better shielding against harmful
radiations. HVL, TVL, and MFP were reduced with rising Pb doping rates in the tested
compositions. HVL and MFP of the investigated chalcogenide glasses have lower values than all
the mentioned ordinary and commercial glasses except at lower photon energies (0.015-0.03 MeV)
RS-520 have lower values than all the tested glasses and lower values in the hole photon energies
than GATP1(as mentioned earlier). Zes, Cetr, Netr, Zoq Were found to rise with rising Pb contents in
the tested specimens that were ascribed to its great atomic number and density. EBF and EABF
measurements showed growing trend with rising MFP at the entire photon energy range, but these
values were reduced with rising Pb doping ratio in the studied glasses at the whole photon energy
region. FNRCS are changed between 0.087 and 0.095 Cm™ as the Pb doping ratio within the tested
glasses varies between 0.0 and 0.01 respectively. These results confirm a good competition of
GATP glasses under investigation for better shielding purposes than many of ordinary and
commercial glasses.
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