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Abstract

In the present study, the gamma radiation shielding capability of clay as well as doped by boron was systematically
investigated involving the measurement of linear attenuation coefficient and subsequently determination of shielding
parameters at energy of 0.662 MeV for '*'Cs. These include mass attenuation coefficient, mean free path, half layer
value, tenth layer value, effective atomic number and electron density. In particular, it was noticeably found that
increasing the prepared samples thickness leaded to higher values of mass attenuation coefficient (0.1065 cm® g™).
Furthermore, samples treated with boron showed considerably higher mass attenuation coefficient values. In the free
mean path, half layer values and tenth layer value profiles, the prepared materials showed an increased trend in
conjunction with the thickness profile. The present work presents a new approach towards available, eco-friendly,
cost-effective and efficient gamma radiation shielding materials.

Keywords: Clay, shielding, mass attenuation coefficient, boron

1. Introduction

The gamma radiation penetrating power is attributed to the established fact that gamma radiation possesses no mass
or charge [1]. Therefore, shielding of gamma radiation can be efficiently implemented using materials that possess
relatively high density and atomic mass number [2].

With the intention of reducing the ionizing radiation dose level to an acceptable limit, shielding in contradiction of
high-energetic ionizing radiations is an absolute necessity [3]. Shielding materials with a certain nature and
thickness are correlated to many factors such as the type of ionizing radiation, radio-isotope activity, exposure rate,
and cost effectiveness [4-7]. Meanwhile, the exciting radiation shielding materials namely concrete and lead possess
some major drawbacks such as high cost and toxicity. Remarkably, clay is considered a composite material that
abundantly obtainable thus demonstrates a number of attractive properties such as non-poisonous, cost-
effectiveness, and eco-friendly [1, 8]. These properties allow clay composites to be appropriate for shielding
consideration [1, 2, 9-11].

I. Akkurt and H. Canakci (2011) demonstrated the investigation of linear attenuation coefficient using clay doped
boron at different percentages. The corresponding outcomes augmented from 0.07 to 0.14 cm™ at 662 KeV with the
increment of doped boron from 5% to 32% [12]. H.S. Mann, et al. studied the parameters of shielding effectiveness
for light weight clay-fly ash bricks formed with different fly ash aggregates using '*'Cs (661.6 keV), **'Am (59.4
keV), and Co (1173.2 keV and 1332.5 keV) sources [13]. They concluded that the utilized bricks are applicable to
replace the commercial pure clay bricks whereby distance has no effect as a limitation. S. Olukotun et al. reported
the capability of gamma radiation shielding for two types of clay-materials (Kaolin and Ball clay) [1]. In their study,
the reported both experimental and theoretical mass attenuation coefficient (ug) values. Whereby an upright
agreement between the measured values and those obtained theoretically were obtained. In 2019, S. Tajudin et al.,
[14] evaluated the reflected and transmitted photons’ spectrum and their ambient equivalent dose (Sv/photon) of
specific material (clay) by Monte Carlo model.

Therefore, in this study, gamma radiation shielding capabilities of white clay-material are investigated by
determining the theoretical and experimental values of the linear attenuation coefficient as well as the mass
attenuation coefficient, wp (cm’g") of the clay materials using photon energy of 0.662 MeV emitted from cesium
(37Cs).
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2. Theory

When a gamma-ray undergoes a certain sample thickness of x (cm), the photons are transmitted in accordance with
the well-known Beer-Lambert’s law [1].

I = I,exp(—ux) &)

Here, I and I, are the intensity of gamma ray after and before passing via the thickness 7 (cm), respectively.
Whereby, p (cm™) is the sample linear attenuation coefficient. Furthermore, the linear attenuation coefficient can
also be presented in the means of pg (cm” g™), which is illustrated in the following equation [1].

w=u/p)p = s 2

Where p (g cm™) is the sample density. Herein, using Equation (2), Equation (1) is then written as follow:

I = I, exp(—psx) 3)

In case a chemical compound or a mixture is used as an absorber, the is then calculated using Equation (4) [1].

n(?) )

Us = ox

The mean free path (MFP) is a crucial factor for determining the average distance between two interactions and it is
measured in accordance with Equation (5) [1, 12].

1
MFP = = 5)

The half-value layer (HVL), however, is an important parameter which is used to ascertain the material and/or
mixture shielding capability. The HVL is evaluated in accordance with the following equation [12]:

in2

HVL === (6)

Another crucial parameter is the tenth value layer (TVL) in which it represents the shielding material’s thickness
needed to lower the gamma radiation to its tenth intensity. The TVL can be estimated in accordance with Equation
(7) [12].

In10

TVL === (N

The total photon interaction cross section (g;) of a material is evaluated with the assistance of (u;) of that specific
material through the following equation [15, 16]:

0p = Mg /Ny (®)

Where N, is denoted for the Avogadro’s number and the value of M, which is the sample molecular weight, is
calculated using the Equation (9)

M=%An; 9)

herein A; is the earth element atomic number and n; is the molecule formula units number. The effective atomic
cross section g, is estimated using the subsequent equation, Equation (10) [15, 16]:

Oq = 0t/ XiMy (10)
Thus, the overall atomic cross-section is then determined with the help of Equation (11) [16].
Ota = HsM/N, nin; (11)

The overall electronic cross-section is calculated by Equation (12) [15, 16]

1 i
Otel = N_AZiZ_iAL'(:us)i (12)
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where f; represents the element i fractional abundance, while Z; denotes the constituent element atomic number
[16].

The values of Z.s; can then be calculated using Equation (13) and Ng values is subsequently evaluated by
employing Equation (14)

Zeff = Ota/0te (13)
Negs = Zegp/Aror (NaTteor) (14)

here, o, and o, are the electronic and molecular cross sections, respectively. A, is the total matter weight, while
N¢oris the total number of atoms in matter [17].

3. Undoped and boron doped clay preparation

White clay was collected from, Al-Rutbah at the west of Al-Anbar governorate (33°N 40°E) in Iraq. The as-minded
clay was crushed to suitable size and then dried at normal atmospheric conditions; in accordance to the American
Society for Testing and Materials [18], the crushed sample was pulverized, sieved (mesh size of 2 um) and then
pelletized. Three set of samples were molded. The first set of samples were made of pure clay at room temperature
(RT), while the second set of samples were also made of pure clay but baked using muffled furnace at temperature
of 1000 °C for 1 hour. Finally, the third set were made of pure clay by doped with 2% of boron and later baked at
1000 °C for 1 hour. In addition, the three made sets were also varied in thickness whereby 0.5, 1 and 2 cm with
diameter of 3 cm were made. Hereinafter, the prepared samples were denoted as W1, W2 and W3 (Figure 1) as for
unbaked, baked white clay and baked doped clay with boron, respectively.

Figure 1: Samples preparation after compressed at different thicknesses and labelled W1, W2 and W3.
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4. Results and discussion

In order to experimentally estimate the attenuation coefficient of the prepared samples, gamma-ray emission at
0.662 MeV emitted from '*'Cs point source (T} 2 = 30 year) was utilized in this study. As illustrated in Figure 2,
the pelletized samples, at different thicknesses, backing temperatures and compositions, were placed between the
Nal(TI) detector and the source. Subsequently, the data were recorded using Integrated Computer Spectrometer
(PCI-ICS card) in conjunction with personal computer. The obtained data were utilized for the determination of the
gamma radiation shielding capability parameters.
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Figure 2: The measurement setup schematic illustration.
4.1 Theoretical calculation by WinXCom

The shielding parameters (i.e. ¢/o) required for the gamma radiation shielding capability of the pelletized samples
were calculated using WinXCom software. The mentioned computer software can be utilized for the evaluation of
total attenuation coefficient, photon scattering cross section, pair production and photoelectric absorption. While,
Equation (15) and (16) were employed as the Bragg law.

Hs = (%) =i w; (%)i (15)

where w; is the fraction by weight of the element i and given by:

mix

g aijAi
Lo Saa

(16)
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Table 1: Mass attenuation coefficient theoretical values of the compounds using WinXCom software at energy of

0.662 MeV.
Hs Ota Ote Nelxlo23
ool (cm?*g™!) | (barn/atom) | (barn/atom) Zejr (electrons/g)
Si0, 0.0773 0.257
Si 0.0361 2.570 0.040 10.000 3.01
(0] 0.0412 0.091
AlLO; 0.0759 0.257
Al 0.0402 2.569 0.055 10.000 2.95
(0] 0.0357 0.071
Fe,0;3 0.0746 0.260
Fe 0.0522 3.956 0.074 15.200 2.87
(0] 0.0224 0.045
Na,O 0.0749 0.256
Na 0.0555 2.568 0.128 10.024 2.92
(0] 0.0193 0.021
KO0 0.0760 0.258
K 0.0631 3.962 0.144 15.333 2.94
(0] 0.0129 0.014
Ca,CO; 0.0776 0.258
Ca 0.0444 0.049
C 0.0066 3.010 0.004 11.667 3.01
(0] 0.0266 0.044
MgO 0.0768 0.257
Mg 0.0463 2.569 0.078 10.000 2.99
0] 0.0305 0.051
TiO 0.0733 0.259
Ti 0.0549 3.884 0.099 15.000 2.83
(0] 0.0183 0.030
B 0.0714 1.280 0.256 5.000 2.79

Figure 3 demonstrates the theoretical values of the obtained (1) using WinXCom software at different energies
ranging from 0.5 to 1.5 MeV for different compounds. As presented in Figure 3, the values of the (us) showed a
decrease with the increment of the energy values. The mixtures used in the experimental work of this study were
also investigated using WinXCom software.

The theoretical values such as linear attenuation coefficient, (is), 0¢q» Oper» Zess, and N, of clay and clay doped
boron using WinXCom computer aided software are illustrated in Table 2. As shown in Table 2, these mixtures
namely are AILH,O0Si, and Al,H;O0S1,B5 for both clay and clay doped boron, respectively. It should be mentioned
that the theoretical values presented in Table 2 are in a good agreement with the values obtained experimentally.

0.09 - S/O,
0.08 ] .  A/,03
4 - Feo0
0.07 - v Nao,
- p e
] o 2()
«.Z' 0-08: - 7/O
S 1 -
=~ 0.05- *  cao
) d - MgO
sev - ‘Q\k\ﬁ
0.03 | B o
o0.02 1,

T T T T T v T T v
0.5 1.0 1.6 20 2.5 3.0 3.5 4.0 4.5 5.0
Energy (MeV)

Figure 3: Mass attenuation coefficient values of different compounds.
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Table 2: Theoretical values of both clay and clay doped boron with chemical formula Al,H,04Si, and
Al H,O0Si,Bs, respectively.

Ks Ota Ote Nelx:lo23
SR Ye (cm*g™) (barn/atom) (barn/atom) Zesr (electrons/g)
ALH 0,51, 0.0779 0.2138
Al 0.0163 0.0316
H 0.0012 1.9646 0.0307 9.190 3.64
o 0.0435 0.1370
Si 0.0170 0.0305
Hs at,a at,e Nelx:lo23
SR Ye (cm*g™) (barn/atom) (barn/atom) Zess (electrons/g)
ALH ,04S1,B5 0.0768 0.0709
Al 0.0133 0.0241
H 0.0010 0.0234
0 0.0354 1.8094 0.1043 25.519 1.08
Si 0.0138 0.0233
B 0.0133 0.0627

4.2 Attenuation coefficient, MFP, HVL, TVL Z ¢r and N 5.
The obtained clays were found naturally with compositions itemized in Table 3.

Table 3: White clay chemical composition analysis by weight %.

Materials composition %o Mineralogy
SiO, 48.1 Kaolinite
Al,O4 34.7 lite

Fe, 04 1.07 Smectite
Na,O 0.29 Quartz

K,O 0.64 Anatas

TiO 1.23 Halite

Ca 2 Cco 3 0.20

MgO 0.39

Loss of ignition 13.60

. . o ] . .
Figure 4 illustrates a variation of the measured ln(To) as a function of the prepared samples thickness. It can be

clearly observed that the measured value increased with the prepared samples thickness increment. The correlation
is generally utilized as an indicator of the linearity dependence.

0.27
] —h— W
0.24 W
1 —— W.
0.21 4
< 0.18-
>
< 0.15-
~
0.124
0.09
0.06 y . T - T v T
0.5 1.0 1.5 2.0

Thickness (cm)

Figure 4: Variation of the measured ln(ITO) with the prepared samples thickness.
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Concurrently, the measured linear attenuation coefficient is elucidated in Figure 5 (a). A decrease in the values of
the measured (1) was noticed as the samples thickness increased from 0.5 to 2 cm. This can be mainly due to the
relation between the (u) and the (x) is inversely proportional, in accordance with Equation (1). However, the values
of the measured linear attenuation coefficient demonstrated an increment as the prepared unbaked samples were
baked and further mixed with boron, as presented in Figure 5 (b).

(a)023 (b)o:235 :
0.23 - w1 0.234
ggf- —— W2 0.233
650 = W3 0.232
=~ 0.194 = 0.231
§ 0.181 § 0280 L
‘; 0.17 4 ‘;_{ 0.168
0.16 0.165
0.15 4 0.162
0.14. 0.159
1
0.12 - . : . : 0.150 . : :
0.5 1.0 1.5 2.0 w1 w2 w3
Thickness (cm) Samples

Figure 5: (a) variation of the linear attenuation coefficient with the prepared samples thickness and (b) samples
1

taken at 0.5 cm in thickness for each sample as an indicator; section break was considered from 0.17 to 0.23 cm™".
Furthermore, the values of (u), obtained using Equation 4, are demonstrated in Figure 6 where shown increasing
the prepared samples thickness resulted in increased values of the calculated (ug). W3 sample (baked doped boron)
showed different trend whereby a decrease in the (ug) values was observed as the thickness of the prepared sample
was increased.

0.110

0.105 e -
0.100- R

0.095 %

N\ -

'? 0.090

5 o0ss{ . % o
0.075- - W3
0.070- -
0.065- */
0.060

I v L) % ] £ I
0.5 1.0 1.5 2.0
Thickness (cm)
Figure 6: Variation of mass attenuation coefficient with the prepared materials thickness.

In the prospective of the prepared samples state of treatment (baked, unbaked, and baked doped boron), the (ug)
increased linearly by means of process (Table 4). The values of (u;) were found to be 0.0621, 0.0835 and 0.1065
(cm2 g") for 0.5 cm unbaked, baked, and baked doped boron, respectively. Moreover, the samples treated with boron
showed higher values of the calculated (u). This in turn can be mainly due to the effect of boron on the shielding
capability of the utilized clay material [12, 19, 20]. These values were observed with higher () profile as the
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thickness increased (Figure 6). In comparison with other results, our findings demonstrated higher (u;) upon baking
the sample [1]. Yet, baked doped boron samples showed considerably higher values of (us).

Consequently, Table 4 and Figure 7 show the calculated mean free path (MFP) which is calculated based on
Equation (5) [15]. Regardless of the state of treatment, it can be obviously noticed from Table 4 that increase the
prepared material thickness resulted in higher MFP values. Generally, the baked samples (W2) showed higher MFP
values as compared to the unbaked samples (W1), with respect to the sample thickness. Adding boron to the
mixture, however, decreased the values of MFP.

8.5
8.0
7.54
7.0-
6.5 —k— W1
1 |—K— W2
6.0 - \
. —— W3
5.5
5.0-
4.5

4.0+

MFP (cm)

0.5 10 15 2.0
Thickness (cm)

Figure 7: Mean free path of the prepared samples as a function of thickness.

Furthermore, both half value layer (HVL) and tenth value layer (TVL) are considered crucial parameters for the
determination of shielding capability [16]. The related results of HVL and TVL are presented in Figure (8), Figure
(9) and Table (4), respectively. From the profile of both HVL and TVL, it can be concluded that increasing the
thickness of the prepared materials caused an increase in the mentioned parameters. However, adding boron to the
clay-material leaded to a slight decrease in those parameters values. This indicates the usefulness of boron to be
considered as an enhancement factor introduced to improve the shielding capability of clay-material.

6.0

5.6 -
5.2+

4.8

i —h— W1
4.4-. w2
4.0 4 —— W3

HVL (cm)

3.6 1
3.2

2.8 1

05 10 15 20
Thickness (cm)

Figure 8: Half value layer of the prepared samples as a function of thickness.
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20
18 4
E 16 4 —
S —h— W1
~ —k— Wz
e W - w3
12
10 -
1 - L v ] . L
0.5 1.0 1.5 2.0

Thickness (cm)
Figure 9: Tenth value layer of the prepared samples as a function of thickness.

The values of Z,r and N, in which the samples under test regarded results are presented in Table 4, respectively. It
is worth mentioning that both values of Z.¢r and N, were calculated in accordance with Equations (13) and (14),
respectively. It is clear to notice that samples W1 and W2 demonstrate the same values in regard to both Z,¢f and
N,;. This can be mainly attributed to the fact that both Z,¢ and N,; depend on the value of linear mass attenuation
coefficient and (i) through Equations (8) through (14). It is also worth mentioning that the values of linear mass
attenuation coefficient and (i) are nearly similar for the mentioned samples (W1 and W2). However, sample W3
(doped Boron) elucidated higher values of Z.;s and N, due to the fact that the values of Z,¢f and N, are high as
compared to W1 and W2 samples. A detailed illustration of the experimentally obtained (Us), O¢q, O¢ers Zefy, and
N,; for each compound (W1, W2, and W3) and its individual elements are tabulated in Table 5, Table 6 and Table 7,
respectively.

Table 4: Experimental values of attenuation coefficient, MFP, HVL, TVL Z ¢ and N,.

Mass Attenuation Coefficients (cm” g™)

Sample

Wi w2 w3
0.5 0.0621 0.0835 0.1065
1 0.0639 0.0856 0.1031
2 0.0684 0.0946 0.0997
S I Mean Free Path (cm)

ample Wi W2 w3

0.5 6.335 6.296 4.265
1 7.367 7.435 6.227
2 8.433 8.367 7.876
Sample Half Value Layer (cm)

Wi w2 w3
0.5 4.397 4.370 2.960
1 5.113 5.160 4.321
2 5.853 5.806 5.466
Sample Tenth Value Layer (cm)

Wi w2 w3
0.5 14.587 14.498 9.820
1 16.963 17.119 14.337
2 19.418 19.265 18.136

Zess
Sample Wi w2 w3
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05 9.190 9.190 25519
1 9.190 9.190 25519
2 9.190 9.190 25519
Nel

Sl Wi w2 w3

0.5 3.644 3.644 10.825
1 3.644 3.644 10.825
2 3.644 3.644 10.825

Table 5: Experimentally attained (i), Ot q» Ot.e1> Zess» and Ne; for W1.

Experimental at 0.662 MeV for (AlLH ,0,Si,) unbacked (RT)

compound/ | g Ora el 7 N,x10%
element (cm’/g) | (barn/atom) | (barn/atom) eff (electrons/g)
Thickness of 0.5 cm
ALH 0,81, | 0.0621 0.1705
Al 0.0130 0.0252
H 0.0010 1.5670 0.0245 9.190 3.64
0 0.0347 0.1093
Si 0.0135 0.0244
Thickness of 1cm
ALH 0,S8i, | 0.0639 0.1753
Al 0.0134 0.0259
H 0.0010 1.6111 0.0252 9.190 3.64
0 0.0356 0.1123
Si 0.0139 0.0250
Thickness of 2cm
ALH 0,S8i, | 0.0684 0.1877
Al 0.0143 0.0277
H 0.0011 1.7245 0.0269 9.190 3.64
0 0.0381 0.1202
Si 0.0149 0.0268

Table 6: Experimentally attained (is), Ot q, Oper» Zess, and Ng; for W2,

Experimental at 0.662 MeV for white clay (Al,H ,04Si,) baked (1000 °C)
compound/ |  ug Ora Otel 7 N,x1023
element (cm’/g) | (barn/atom) (barn/atom) eff (electrons/g)
Thickness of 0.5cm
ALH 0,81, | 0.0835 0.2291
Al 0.0175 0.0339
H 0.0013 2.1052 0.0329 9.190 3.64
0 0.0466 0.1468
Si 0.0182 0.0327
Thickness of Icm
ALH 0,81, | 0.0856 0.2347
Al 0.0179 0.0347
H 0.0013 2.1573 0.0337 9.190 3.64
0 0.0477 0.1504
Si 0.0186 0.0335
Thickness of 2cm
ALH,0,Si, | 00946 | 23858 | 02596 [9.190] 3.64
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Al 0.0198 0.0384
H 0.0015 0.0373
) 0.0528 0.1663
Si 0.0206 0.0371

Table 7: Experimentally attained (is), Ot.q, Oper» Zess, and Ng; for W2.

Xcom at 0.662 MeV for white clay + Baron (Al,H ,0,Si,B5s)
compound/ TR Ora el 7 N, x10%3
element (cm’/g) | (barn/atom) | (barn/atom) off electrons/g)
Thickness of 0.5 cm
ALH04Si;Bs | 0.1065 2.5099 0.0984 25.519 10.8
Al 0.0184 0.0334
H 0.0014 0.0324
0 0.0491 0.1447
Si 0.0192 0.0323
B 0.0184 0.0869
Thickness of 1 cm
ALH0,Si,Bs | 0.1031 2.4291 0.0952 25.519 10.8
Al 0.0178 0.0323
H 0.0013 0.0314
0 0.0475 0.1400
Si 0.0185 0.0312
B 0.0178 0.0841
Thickness of 2 cm
ALH 0,81,B;5 | 0.0997 2.3487 0.0920 25.519 10.8
Al 0.0172 0.0312
H 0.0013 0.0303
o 0.0460 0.1354
Si 0.0179 0.0302
B 0.0173 0.0813

Conclusion

White clay material as gamma radiation shielding was examined as raw material and as boron doped with different
thicknesses to enhance the shielding capability. The (u ) was calculated at 0.62 MeV radiation energy. Accordingly,
the results indicate higher shielding capability as compared with previous reported data (0.1065 cm® g').
Furthermore, the MFP, HVL, and TVL were estimated theoretically gives results demonstrated higher values in
conjunction with boron doped to the utilized material. The demonstrated work offers a new available and cost-
effective alternative to the expensive concrete.
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