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ABSTRACT

With the wide use of radioactive materials, it is important to look for locally available and inexpensive
materials to serve as efficient absorbers, suitable for shielding against radiation hazards. Due to its
widespread availability and affordability, natural bentonitic shale is a viable option for use as a nuclear
shielding material. In this study, natural bentonitic samples were cut into cylindrical pellets of varying
thicknesses. The chemical composition of the natural bentonitic shale samples was determined through the
use of X-Ray Fluorescence (XRF) spectroscopy. The linear and mass attenuation coefficients of bentonitic
samples were evaluated using a Nal(T]) scintillation detector at 662 keV energy of 137Cs, as well as at 1,173
keV and 1,332 keV energies of ®Co, gamma-ray sources. The experimental results indicated that
bentonitic samples B3 and M2 exhibited superior shielding parameters compared to other bentonitic
samples, attributable to their elevated densities. These two samples are distinguished by a high CaO
content and a low ALO;s content. Furthermore, the Half Value Layer (HVL), Tenth Value Layer (TVL),
and mean free path thicknesses were calculated at these energies using linear attenuation coefficients. The
theoretical mass attenuation coefficient, calculated with the assistance of the XCOM program and

experimental estimates, was found to be in good agreement with the theoretical value.
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I.  INTRODUCTION

The penetration of solid objects by gamma rays, which are
ionizing radiation with very short wavelengths, depends on the
energy of the radiation. Additionally, gamma radiation can
readily penetrate the body's tissues, posing a significant risk to
human health, both internally and externally. Gamma radiation
causes DNA damage and cell death in the human body through
deterministic and stochastic biological effects [1-3]. The
necessity for shielding protection arises from a multitude of
industrial applications, including reactors, storage of spent fuel,
radiology, nuclear medicine, and others [4]. In order to
safeguard against the potentially deleterious consequences of
high-dose gamma radiation exposure, radiation shielding
materials have been developed [5-7]. Concretes and lead were
initially widely utilized as radiation shielding materials due to

their effective shielding capabilities, low cost, high density,
great mass attenuation, and simple maintenance. However, due
to limitations, such as poor mechanical qualities, low chemical
resistance, toxicity, and health concerns, they are no longer
suitable for use in various nuclear technology applications [2,
8-10]. Concrete, which is known for its inert properties, plays a
critical role in nuclear and radioactive waste storage, providing
a robust barrier against radiation. Recently, blended concrete
made up of composite materials, namely barite or magnetite,
has been employed as radiation shielding concrete [11].

In order to gain a deeper understanding of the shielding
properties of different materials, further research is required.
Due to their low cost and abundance, natural rocks and
minerals have been the subject of considerable interest from the
research community [12-14]. Mineral ores can be employed as
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gamma ray shielding agents due to their composition of a range
of light and heavy elements, including carbon (C), potassium
(K), sulfur (S), phosphorus (P), calcium (Ca), magnesium
(Mg), and sodium (Na), among others [15, 16]. Natural
bentonite is a mineral resource comprising a range of oxides
that can function as a gamma ray shield. Bentonite is a soft,
porous rock consisting mainly of the clay mineral
montmorillonite, which has the property of expanding its lattice
with a general formula of Rx0.33xAl,Si,O,o(OH),xnH20,
where R includes one or more of the cations Na+, K+, Mgy+,
Ca+ and possibly others [17,18]. The minerals are
distinguished by a three-layer crystal lattice comprising one
sheet of aluminum and hydroxyl between two sheets of silicon
and oxygen. The material in question displays a notable
swelling upon wetting and a corresponding shrinking upon
drying, which can be attributed to the introduction of
considerable interlayer water along the C-axis direction.
Montmorillonite minerals are typically derived from the
alteration of ferromagnesian minerals, calcic feldspars, and
volcanic ashes, which represent the primary constituent of
bentonite and are commonly found in soils and sedimentary
rocks [19, 20]. The objective of the present study is to identify
more efficient gamma ray shielding materials that are
dependable in radiation research. The linear and mass
attenuation coefficients of radiation were investigated at
energies of 662, 1,173, and 1,332 keV for a series of samples.
Other parameters, including the half-value layer, tenth-value
layer, and mean free path, were subsequently estimated using
the aforementioned determined values. The outcomes of the u/p
ratio have been contrasted with the theoretical results yielded
by the WinXCOM program.

II. THEORETICAL STUDY

The Lambert-Beer law, which explains the transmission of
a narrow beam photon through a thin absorbing material, can
be used to compute the linear attenuation coefficient as
follows:

I(x)= 1y e™™ (1

where, I, is the original intensity of the beam, I(x) is the
transmitted intensity through an absorber to thickness x, and u
is the linear absorption coefficient for the absorbing material.
The mass attenuation coefficient (i,,,) for photons is given by:

b = In () /px 6)

where p is the shield material's density and (¢/p) is the mass
attenuation coefficient which quantifies the probability of
interaction between light photons and matter per unit mass per
unit area [21].

According to the mixing rule, the total mass attenuation
coefficients of compounds or mixtures are computed. Equation
(3) derives the theoretical mass attenuation coefficients
received from the XCOM program at various energies [22, 23]:

Hm = X Will; €)

where p; denotes the mass attenuation coefficient of the i
element and w; is the mass proportion of the element i in the
entire mixture [24]. Equation (4) is used to calculate the
standard deviation between experimental and theoretical mass

attenuation coefficient values that were calculated deploying
the XCOM program:

_ Wm(theoretical) — uy, (experimental )

Deviati %) =
eviation (%) Um (theoretical)
% 100 4)

Two parameters, the HVL and the TVL, can be employed
to ascertain the effective thickness of the shielding material.
This can be accomplished through the use of (5) and (6),
wherein u represents the linear attenuation coefficient. HVL
and TVL, in turn, refer to the thicknesses of the shielding
materials that result in a reduction of the initial intensity of
gamma rays to half and one-tenth of their original values,
respectively [25]:

HVL = @ )

In(10)
Y (6)

The Mean Free Path (MFP) is defined as the average
distance between two subsequent photon contacts in an
absorber material. It can be calculated using (7), where u is the
linear attenuation coefficient [20, 26]:

mfp= @)

TVL =

III. MATERIALS AND METHODS

The sedimentary rock samples were collected from three
distinct geologic periods and two disparate localities. The
initial group, designated B1, B2, B3, M1, M2, and M3, was
retrieved from the southwestern region of Sinai, Egypt. Out of
these samples, three (B1, B2, and B3) are associated with the
Maastrichtian period (approximately 70 million years ago),
while the remaining three (M1, M2, and M3) correlate with the
Paleocene period. The second group, Q1, Q2, Q3, and Q4,
comprises two samples collected from the north El Qattamiya
asphaltic road (Q1 and Q2) and two samples collected from the
south of the road in Cairo, Egypt (Q3 and Q4). These samples
are related to the upper Eocene and are detailed in Table 1.

TABLE L. SAMPLE LOCATIONS
Samples no. System Series Time
Bl Cretaceous Upper = 70Ma
B2 Cretaceous Upper = 70Ma
B3 Cretaceous Upper = 70Ma
M1 Paleocene Lower = 65Ma
M2 Paleocene Upper = 55Ma
M3 Paleocene Upper = 55Ma
Q1 Eocene Upper = 40Ma
Q2 Eocene Upper = 40Ma
Q3 Eocene Upper = 40Ma
Q4 Eocene Upper = 40Ma

The bentonitic shale was crushed into small particles using
a hammermill. The material was then divided into cylindrical
pellets of varying thicknesses, as shown in Figure 1. The
attenuation coefficients of each sample were measured for
gamma rays of 662 keV energy of *’Cs, 1,173 keV and 1,332
keV energy of ®Co sources using a gamma ray spectrometer
with a 3"x3" Nal(Tl) scintillation detector. The detector is
protected from induced X-rays by a cylindrical copper barrier
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and a chamber of lead bricks against ambient radiation. The
detector is connected to Nuclear Enterprises' primary shaping
amplifier, as well as a high-voltage power supply with a digital
display of the applied voltage. Furthermore, the detector is
connected to a Nuclease PCA-8000 computer-based 8192-
channel analyzer with color graphical spectra display and
advanced technical operation features. The narrow beam
geometry with a lead collimator was employed for the
absorption of gamma radiation in the materials under
investigation, as evidenced in Figure 2.

Fig. 1.

Different thicknesses of the natural bentonitic shale.
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IV. RESULTS AND DISCUSSION

Bentonite has been the subject of investigation as a
potential clay material for the manufacture of bricks with
enhanced radiation attenuation properties in comparison to
those of traditional bricks [27]. The XRF technique was
deployed for the characterization of the natural bentonitic
shale. Bentonitic shale is a mixture of elements that can be used
as a composite gamma ray shielding material, given its
composition of a range of clay oxide minerals. Table II
presents a chemical composition examination of natural
bentonitic shale. Sample B3 bentonitic shale exhibits the
highest Loss of Ignition (L.O.1.) at 36.05% due to the presence
of water and organic materials. Given that it is composed of
volcanic ash deposits, natural bentonite is nanoscale in nature.
Volcanic ashes are regarded as naturally occurring
nanomaterials, which are defined as materials that are
nanometer or smaller in size [28, 29]. The nanoscale
dimensions of nanomaterials can result in differences from
materials with similar physical or chemical properties. The
most significant feature of these materials is their high surface-
to-volume ratio, which is a consequence of a number of
intrinsic qualities. Research indicates that nanoscale particles
may offer enhanced protection against ionizing radiation. It
was demonstrated that the shielding properties of nano tin

E “Ei / D Computer oxide (II) composites are more effective than those of micro tin
/ Analyser oxide (IT) composites against gamma rays [30].
Hv ;
A E With ADC
Lead 'y i Lead
Shield Collimator Shield
Fig. 2. Schematic diagram of the experimental set-up.
TABLE II. THE CHEMICAL COMPOSITION OF NATURAL BENTONITIC SHALE

Natural Oxides (%)

bentonitic . . L.OI L.O.I L.OI Total

samples 5102 A1203 P205 T102 F6203 CaO MgO NaZO Kzo (1 10) (550) (1’000) L.OI Total
Bl 31.70 10.46 0.26 0.28 2.29 20.72 2.15 1.04 0.95 5.88 3.35 20.92 30.15 100
B2 34.46 10.2 0.25 0.28 2.54 14 4.30 0.9 1.1 6.88 4.36 20.73 31.97 100
B3 24.24 3.57 0.36 0.16 0.90 31.51 2.58 0.21 0.42 1.62 1.61 32.82 36.05 100
M1 58.22 24.74 0.05 0.69 5.40 1.96 1.51 0.21 1.1 2.00 2.49 1.63 6.12 100
M2 30.87 6.63 0.43 0.22 1.55 22.86 2.15 0.79 0.66 6.36 8.88 18.59 33.83 99.99
M3 34.08 8.67 0.56 0.19 1.9 22.51 1.08 0.64 0.81 5.35 7.86 16.35 29.56 100
Q1 34.10 7.14 0.28 0.33 2.13 18.46 7.31 2.69 0.93 2.18 7.11 17.33 26.62 99.99
Q2 33.63 22.7 0.01 0.64 6.00 1.12 0.86 1497 | 0.89 8.54 6.14 4.50 19.18 100
Q3 48.97 10.97 0.16 0.36 3.30 7.84 2.58 1.29 0.97 5.09 7.52 10.96 23.57 100.01
Q4 45.90 23.95 0.04 0.80 6.10 1.68 0.86 1.26 1.52 9.00 5.39 3.50 17.89 100

A. Linear Attenuation Coefficient

Table I depicts the observed gamma photons from *’Cs to
%Co point sources with bentonitic absorber material at varying
thicknesses and energies. The linear attenuation coefficient u of
the absorber may be calculated for y-rays with an appropriate
energy from the linear graph of the absorber's thickness versus
In (lo/l), as portrayed in Figure 3. The slope of the line
represents the attenuation coefficient. It is evident that as the
thickness of the bentonitic shale was augmented for a range of
energies, the attenuation of gamma rays also increased. Figure
4 provides a detailed explanation of the fluctuations in the
linear attenuation coefficients observed for all bentonitic
samples as a function of incident photon energy. As the photon

energy increases, the linear attenuation coefficient exhibits a
corresponding decrease. The linear attenuation of bentonitic
clay is dependent upon the photon energy, as a result of the
differing  photon  absorption  mechanisms, including
photoelectric at low energy, Compton scattering at low and
mid-energy levels, and pair production at high energy (above
1,022 keV).

As it can be seen in Tables IV, V, and VI, samples B3 and
M2 exhibit the highest values of attenuation coefficients (0.167
cm! and 0.171 cm™ at 661.66 keV, 0.1279 cm™ and 0.1296
cmtat 1,173.47 keV, and 0.1195 cm™ at 1,332.51 keV), which
are significantly higher than those of the other samples. The
highest values of attenuation coefficients (1,216 cm’ at
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1,332.51 keV) for all photon energy are observed when 06
comparing these samples to other natural bentonitic samples.
This is due to the fact that they have the highest density (2.17

y =0.1155x - 0.0097 R?=0.9933
y=10.1218x + 0.0191 R*=0.9918

3 3 . . ", = 0.4 1 y=0.1583x+0.0112 R*=0.9728  _ ... Y
g/cm” and 2.2 g/cm’, respectively) of the examined bentonitic S Q.
samples. As evidenced in Table IV, the mean linear attenuation @) S o2 o co16
coefficients (u) for the M1, M2, and M3 samples from the o 11T3 AT
Paleocene period are the highest, with  values of 0.167 cm™, 00 | *1332.51

0.125 cm™, and 0.1173 cm™ at 661.66 keV, 1,173.47 keV, and ’ o 05 1 15 2 2'_5 3
1,332.51 keV, respectively. In contrast, the bentonitic samples
from the Eocene period exhibit the lowest . Furthermore, a T

Thickness (cm)

comparison of the chemical composition results in Table II for 069 .
B3 and M2 with those from the same period revealed that they : ;g:i:g;: : g:gggg 22 - g:gg:z e
contained the lowest concentrations of SiO2, Al.Os, Fe.Os, and 0.4 {y=0.1149x +0.0211 R*=0.989  g.-="" .
K0 and the highest concentrations of total L.O.I.
= ©661.66
(b [ g 02
TABLETI.  GAMMA PHOTON MEASUREMENTS WITH 5 e SLLTEAT
DIFFERENT BENTONITIC ABSORBER MATERIALS AT 00 4 ) . . . el
VARIOUS THICKNESSES AND ENERGIES LN(/,/) 0 05 1 s 5 25 3
Samples Thickness Energy (keV Thickness (cm)
code (cm) 661.66 1,173.47 1,332.51
Bl 0.5 0.089 0.074 0.051 05 | y=0.1671x-0.1221 R* = 0.9929
1.5 0236 0.216 0.163 y = 0.1196x - 0.0326 R® = 0.9955
2.0 0.360 0.261 0211 y=0.1279x+0.0341R2=0.9959 . ®
25 0.388 0318 0.288 0.3 ST
B2 05 0.147 0.124 0.080 = ©661.66
15 0.268 0.255 0.198 © 12 o1 ®1173.47
2.0 0.386 0.321 0.236 = = *1332.51
2.5 0.461 0.360 0317
B3 0.5 0.147 0.124 0.080 0.1 05 1 15 2 25 3
1.5 0.268 0.255 0.198 Thickness (cm)
2.0 0.386 0.321 0.236
2.5 0.461 0.360 0.317
M1 08 0.069 0.092 0.167 06 |y=0.1642x - 0.0575 R? = 0.9953
12 0.139 0.172 0.262 y = 0.1238x + 0.0063 R? = 0.9906 o
2.3 0.337 0.290 0.368 _ 04 |y=0.1141x+0.0994 R* = 0.9696 e
3.1 0.441 0.388 0.445 s | e
M2 0.7 0.158 0.148 0.234 D = 45 L b © 661.66
i1 0.187 0.237 0.306 b *1173.47
22 0.404 0.361 0.437 0.0 § # 1332.51
2.8 0.500 0.424 0.492 0 05 1 15 5 55 3 35
M3 0.7 0.346 0.230 0.150 Thickness (cm)
1.3 0.418 0.296 0.209 -
1.7 0.488 0.349 0.266 0.6 y=0.171x + 0.0215 R* = 0.99
2.3 0.610 0.425 0.333 y = 0.1264x + 0.0775 R? = 0.9821
Ql ?; 8-‘1);3) 8-‘1)22 8-;‘6“1‘ < 04 |y=0.1216x+0.1607 R*=0.9894
. . . . s | et b
1.8 0.251 0.209 0312 ER o ; ..... s ®661.66
24 0.333 0.294 0.362 (© . e ®1173.47
Q 0.73 0.196 0.232 0.101 * 1332.51
1.44 0313 0.329 0.186 0.0
2.15 0.407 0.403 0.259 0 05 1 15 2 25 3
2.7 0.493 0.473 0.323 Thickness (cm)
0.9 0.031 0.097 0.236 .
Q3 1.3 0.099 0.146 0.305 0.8 |y=0.1658x + 0.2166 R? = 0.9833
22 0.230 0.253 0.387 y =0.1227x + 0.141 R* = 0.9986
2.7 0.307 0.313 0.448 0.6 y=0.1163x+0.065R*=0.9964 ... ®
Q4 0.7 0.076 0.080 0.059 = o4 °
1.1 0.149 0.093 0.090 ® S 066166
1.5 0.185 0.158 0.121 = 02 ®1173.47
22 0.308 0.257 0.223
23 0327 0243 0233 0.0 ¢ 133251
0 05 1 15 2 25
Thickness (cm)
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04 1 y=0.1643x - 0.0529 R? = 0.993 .
y=0.1251x- 0.0081 R*=0.9935 _  _.-*""
03 [y=
= -
S 0.2
(2 £ ® 661.66
0.1 ©1173.47
®1332.51
0.0
0 0.5 1 15 2 25 3
Thickness (cm)
0.6 | y=0.1489x + 0.0909 R* = 0.9982
y =0.1202x + 0.1484 R? = 0.9972 Y
= 2 = L
0.4 | ¥=0.1108x+0.0225R?=0.9992 et
seedt?
LT e .
S R o
(h) |2 o2 et ©661.66
£
£ ©1173.47
0.0 ® 1332.51
0 0.5 1 15 2 25 3
Thickness (cm)
0.4 | y=0.1168x - 0.0161 R? = 0.9641
0 y = 0.1536x - 0.0307 R? = 0.992
™ | y=0.1092x - 0.0272 R? = 0.9812
= 0.2
0 =] ®661.66
£ 01 ©1173.47
®1332.51
0.0
0 0.5 1 1.5 2 25
Thickness (cm)
0.6 | y=0.1517x- 0.1024 R? = 0.9993
y =0.1118x + 0.1457 R? = 0.9874
0.4 |y=0.1198x-0.0104 R? = 0.9999 " ®
S U e
=] Lt e ]
T | e
0 £ s '3 e § " ®661.66
______ .' ®1173.47
@ ® 1332.51
0.0 L
0 0.5 1 15 2 25 3
Thickness (cm)
Fig. 3. Gamma transmission through (a) B1, (b) B2, (c) B3, (d) M1, (e)

M2, (f) M3, (g) QI, (h) Q2, (i) Q3, and (j) Q4 at different thicknesses and
energies.

B. Mass Attenuation Coefficient

The density of bentonitic material in a dry state is
contingent upon the quality of the material in question and may
fluctuate between 2.2 g/cm3® and 2.8 g/cm3. The apparent
density of bentonitic material when quarried and piled under
natural moisture conditions has been observed to range from
1.5 g/cm?® to 1.8 g/cm3. The apparent density of milled
bentonitic products is dependent upon the fineness of the
milling process, with values ranging from 0.7 g/cm3 to 0.9
g/cm3. The variation of the mass attenuation coefficients for all
bentonitic samples with incident photon energies is shown in
Figure 5. At lower energies, where the photoelectric effect is
dominant, the u,, coefficients reach their maximum values and
then exhibit an abrupt decline. This indicates that at low
energies, the cross sections of gamma interactions with the
electrons in the sample material exhibit an increase. Above 100

keV, all samples disclose a constrained range of u,, coefficients
and a less energy-dependent behavior. This is a direct
consequence of the Compton Effect at these intermediate
energies. The influence of the pair production process and the
similarity in attenuation behavior for all photon energies
beyond 10?2 keV result in w, coefficients that are almost
constant. As illustrated in Table IV, the mass attenuation
coefficient increases with increasing density, and linear
attenuation likewise increases.

®B.1 @B2 B3 oM.l

M2 ©M.3 ®Q.1 @Q.2

0.21

=
-
]

0.09

linear attenuation
=)
o
™

0.05
600 700 800 900 1000 1100 1200 1300 1400
ENERGY (keV)
Fig. 4. Energy versus linear attenuation coefficient for various bentonitic
material.

Theoretical or manual calculations using tabular data
produced by a computer program may be considered as an
alternative to a more practical approach than the experimental
determination of mass attenuation coefficients. Authors in [31,
32] developed the computer software XCOM, which is capable
of calculating the cross sections and attenuation coefficients for
any given element, compound, or mixture at energies ranging
from 1 keV to 100 GeV [33]. Theoretically, the mass
attenuation coefficients (in cm?g) of natural bentonitic were
calculated implementing the XCOM program. A comparison of
the predicted and experimental mass attenuation coefficients
can be made using the XCOM computer program, as
demonstrated in Table IV. It was established that there was a
high level of correlation between the theoretical and
experimental mass attenuation coefficients. The discrepancies
between the experimental and theoretical data can be attributed
to the disparate methodologies and databases employed by the
various techniques, as well as the utilization of extended
nuclear cross-section libraries. It is believed that the variations
are not substantial, given that they fall within the reported
experimental margin of error, which is 3.5% [34-37]. The mass
attenuation coefficients were determined by comparing the
experimental linear attenuation values for bentonite clay
samples at various energies with other global values, as
presented in Table V.

C. Effective Shield Thickness

One of the most crucial elements in the development of
radiation shielding materials is the HVL. Consequently, an
examination of the value of this kind of radiation allows for an
analysis of the current materials' shielding capabilities. A
reduction in the HVL results in enhanced shielding properties
for the material in question. Consequently, the HVL value of
the bentonitic shale sample showcases an inverse correlation
with its shielding efficiency.
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TABLEIV. THE DEVIATION BETWEEN THEORETICAL AND EXPERIMENTAL MASS ATTENUATION AT ENERGY OF 661.660 (KEV),
1,173.47 (KEV), AND 1,332.51 (KEV)

661.660 (keV) 1,173.47 (keV) 1,332.51 (keV)
sample No.|  p u MU (exp) | p (theo) |Deviation (%) u M (exp)| i (theo) |Deviation (%)|  u M (exp) | 4w (theo) | Deviation (%)
Bl 2.079 | 0.1583 | 0.0761 | 0.0773 1.51 0.1218 | 0.0586 | 0.0589 0.53 0.1155 0.0556 0.0552 0.61
B2 2.078 | 0.1595 | 0.0768 | 0.0774 0.81 0.1209 | 0.0582 | 0.0590 1.30 0.1149 0.0553 0.0553 0.06
B3 2.17 1 0.1671 | 0.0770 | 0.0771 0.18 0.1279 | 0.0589 | 0.0588 0.31 0.1195 0.0551 0.0551 0.04
Av. 2.109 | 0.1616 | 0.0766 | 0.0773 0.8333 0.1235 | 0.0586 | 0.0589 0.7133 0.1166 0.0553 0.0552 0.2367
Ml 2.147 1 0.1642 | 0.0765 | 0.0767 0.22 0.1238 | 0.0577 | 0.0584 1.26 0.1141 0.0531 0.0548 2.93
M2 2.2 |0.1710 | 0.0777 | 0.0775 0.36 0.1296 | 0.0589 | 0.059 0.15 0.1216 0.0553 0.0553 0.07
M3 2.125 | 0.1658 | 0.0780 | 0.0773 0.91 0.1227 | 0.0577 | 0.0589 1.98 0.1163 0.0547 0.0552 0.89
Av. 2.157 | 0.1670 | 0.0774 | 0.0772 0.4967 0.1254 | 0.0581 | 0.0588 1.1300 0.1173 0.0544 0.0551 1.2967
Ql 2.115 [ 0.1643 | 0.0777 | 0.0770 0.91 0.1251 | 0.0591 | 0.0587 0.71 0.1185 0.0560 0.0550 191
Q2 1.985 | 0.1489 | 0.0750 | 0.0769 2.43 0.1202 | 0.0606 | 0.0586 3.39 0.1108 0.0558 0.0549 1.65
Q3 2.043 | 0.1517 | 0.0743 | 0.0772 3.78 0.1198 | 0.0586 | 0.0588 0.27 0.1118 0.0547 0.0551 0.72
Q4 2.004 | 0.1536 | 0.0766 | 0.0772 0.73 0.1168 | 0.0583 | 0.0588 0.91 0.1092 0.0545 0.0551 1.18
Av. 2.037 | 0.1546 | 0.0759 | 0.0771 1.9625 0.1205 | 0.0592 | 0.0587 1.3200 0.1126 0.0553 0.0550 1.3650

TABLE V. COMPARING THE MASS ATTENUATION COEFFICIENTS (CM2.G ") OF THE TESTED SAMPLES AT THE INVESTIGATED
GAMMA ENERGIES TO THOSE OF PRIOR RESEARCH CONDUCTED GLOBALLY

Energy (keV) Countr References
Sample Type 661.66 1,172%.y47 1,332.51 !
Bl 0.0761 0.0586 0.0556 Egypt Present Work
B2 0.0768 0.0582 0.0553
B3 0.0770 0.0589 0.0551
Ml 0.0765 0.0577 0.0531
M2 0.0777 0.0589 0.0553
M3 0.0780 0.0577 0.0547
Q1 0.0777 0.0591 0.0560
Q2 0.0750 0.0606 0.0558
Q3 0.0743 0.0586 0.0547
Q4 0.0766 0.0583 0.0545
Worldwide
Bentonite Clay 0.078 0.057 0.054 Egypt [7]
bentonite—gypsum 0.0787 0.0586 0.0538 Egypt [33].
Green marble 0.078 0.57 0.054 India 14]
Jet black granite 0.077 0.058 0.055
Telephone black granite 0.077 0.058 0.054
Cuddapah limestone 0.078. 0.058 0.055
White marble 0.078 0.058 0.053
Pink marble 0.078 0.058 0.055
Olivine basalt 0.076 0.059 0.055
Bentonite/PVA 0.076 0.059 0.056 Egypt [15]
Natural bentonite 0.076 0.059 0.0543 Egypt [20]
Pressed bentonite (50 bar) 0.0807 0.0615 0.0587
Pressed bentonite (100 bar) 0.082 0.0626 0.0617
Pressed bentonite (150 bar) 0.0857 0.0696 0.0652
Barium-—bismuth—borosilicate glasses Range (0.072-0.084) | Range (0.053-0.057) Range (0.050-0.052) Iran [32]
High consistency concrete Range (0.08-0.078) | Range (0.053-0.057) Range (0.053-0.054) Turkey [34]
Beige marble (KSA) 0.0756 0.0575 0.0552 KSA [38]
Polyboron 0.087 0.066 0.062 Bangladesh [39]
Ordinary concrete 0.078 0059 0.055
Pure polyethylene 0.089 0.067 0.063
Borated polyethylene 0.082 0.062 0.058
Water 0.086 0.066 0.061
Polymer (nylon 6) 0.086 0.065 0.061 India [40]

TABLE VL HVL, TVL, AND MFP FOR DIFFERENT BENTONITIC SHALE SAMPLES AT DIFFERENT ENERGIES

sample No HVL (cm) TVL (cm) MFP (cm)
P : 661.660 1,173.47 (keV) 1,332.51 661.660 1,173.47 (keV) 1,332.51 661.660 1,173.47 (keV)| 1,332.51
Bl 4.378 5.690 6.000 14.529 18.883 19913 6.3171 8.210 8.658
B2 4.345 5.732 6.031 14.420 19.024 20.017 6.2696 8.271 8.703
B3 4.147 5418 5.800 13.764 17.983 19.247 5.984 7.819 8.368
M1 4.220 5.598 6.074 14.007 18.578 20.158 6.090 8.078 8.764
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M2 4.053 5.347 5.6994 13.450 17.747 18.914 5.848 7.716 8.224

M3 4.180 5.648 5.9590 13.872 18.745 19.776 6.031 8.150 8.598

Ql 4.218 5.540 5.8489 13.999 18.385 19.409 6.086 7.994 8.439

Q2 4.654 5.765 6.2550 15.447 19.135 20.758 6.716 8.319 9.025

Q3 4568 5.785 6.1990 15.162 19.199 20.572 6.592 8.347 8.945

Q4 4.512 5.933 6.3470 14.974 19.692 21.062 6.510 8.562 9.158

®B.1 ®5L2 ®B3 @M1 D. Mean Free Path

0.08 B M2 OM3 @Q.1 @Q2 Table VI displays that the MFP for the M1, M2, and M3
20.07 - samples from the Paleocene period exhibits the lowest values at
'75 5.99cm, 7.98cm, and 8.529 cm, respectively, at energies of
£0.06 661.66 keV, 1,173.47 keV, and 1,332.51 keV. Figure 7
E demonstrates how the MFP values of the examined samples
EO'OS change with energy, exhibiting a diminishing sequence with
0.04 increasing energy. The occurrence of gamma ray attenuation is
600 800 1000 1200 1400 indicated by the presence of low MFP values. The bentonitic
ENERGY (keV) sample M2, which has the maximum density (2.2 g/cm3),
i o ] . ] . exhibits the lowest MFP values (5.848 cm, 7.716 cm, and 8.224
Elli.eii.als. Energy versus mass attenuation coefficient for various bentonitic cm) at different energies, as illustrated in Table 6. All analyzed

Figure 6 provides a graphical representation of the energy
dependency of the HVL values on photon energy. The
necessity for thicker shields to safeguard against high gamma
radiation is evident, given the consistent rise in HVL with
photon energy. The observed changes in HVL values may be
attributed to variations in the material's density. Furthermore,
the HVL parameter can be employed to differentiate between
samples based on their effectiveness in shielding. Accordingly,
sample M2, comprising bentonite, exhibited the most effective
shielding performance, accompanied by the lowest HVL at
photon energies of 662, 1,173, and 1,332 keV. Conversely,
sample Q2 demonstrated the lowest efficiency at 662 keV,
while sample Q4 exhibited the lowest efficiency at 1,173 and
1,332 keV. The investigation revealed that the TVL and HVL
values exhibited consistent behavior across different varieties
of bentonitic shale, as shown in Table V1.

®B.1 @B.2 B3 @®M.1 M.2
7 M3 Q1 Q2 Q3 eQ4
~6
E
<
5
-
() =
Ty
3
600 800 1000 1200 1400
ENERGY (keV)
22 ®B.1 @B.2 B3 oM.1 M.2
Q.1 Q2 eQ3 eQ4
£ 18
=
(b)
E 14
10
600 800 1000 1200 1400
ENERGY (keV)
Fig. 6. Energy versus (a) HVL and (b) TVL for various bentonitic
materials.

samples demonstrate an increase as gamma ray energy
increases. This is due to the fact that a low energy photon can
lose its energy in a shorter distance, while a high energy photon
requires a longer distance.

12 ®B.1 ®B.2 B3 OM.1 M.2
M3 eQl1 eQ2 eQ3 eQ4
g ]
a8 it
= Q;s::;:z;;:;::;:um“-‘ '
4
600 800 1000 1200 1400
ENERGY (keV)
Fig. 7. Energy versus MFP for various bentonitic material.

V. CONCLUSIONS

Gamma radiation can be attenuated deploying a diverse
array of materials. An understanding of the manner in which
radiation attenuates as a result of physical interactions between
photons and matter is beneficial in selecting an appropriate
shielding material for a given application. As this
understanding develops, it is essential to consider the physical,
chemical, and economic limits in order to ensure the most
effective use of resources in the development of appropriate
shielding. The mass attenuation coefficient (u,,) and the related
parameters (HVL, TVL, and MFP) of the selected samples
have been measured using a Nal(TI) detector. Due to its wide
availability and affordable price, bentonitic shale is a viable
option for this use. The efficiency of nanoscale materials in
gamma ray radiation has led to the natural occurrence of
nanoscale bentonitic in volcanic ash deposits. The results
indicated that:

e As thickness increases, the linear and mass attenuation
coefficients also increase. The bentonitic samples B3 and
M2 exhibit superior shielding parameters relative to other
bentonitic samples, attributable to their elevated densities
and extended periods.
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Given these characteristics, the Paleocene bentonitic sample
M2 is the optimal material for this purpose, showcasing the
highest linear attenuation coefficient and the least thickness
(effective shielding).

The experimental and theoretical values displayed a high
degree of correlation, with the former and latter being in
close agreement. Based on the HVL, TVL, and MFP
values, bentonitic materials may be employed in radiation
protection applications to shield individuals from the
detrimental and hazardous effects of gamma radiation,
given the prevalence of bentonitic shale globally and the
toxicity of lead.

Bentonitic materials from disparate sources (including those
from Egypt and those reported by other researchers)
manifest slight variations that may be attributed to
differences in sample preparation or composition.

This study makes a significant contribution to the field by
providing an in-depth evaluation of natural bentonitic
materials for gamma radiation shielding. It highlights the
unique properties of these materials, which are attributed to
their nanometer-scale structure and natural occurrence. The
findings provide new insights into the effectiveness of
bentonitic shales from specific geological periods, which
may act as both efficient and cost-effective radiation
protection solutions.
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