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In the present research, several materials that can be used as shields against ionizing radiation
(gamma and neutrons) were studied. The metallic compounds shown in Table (1) were used to
test them in shielding against y rays. The p_t was found using NIST-XCOM within the energy
range (59.53-10"9) keV, and it became clear that there was a difference in their attenuation
values, and the results showed that the best of these compounds in the attenuation of y rays were
(Fe_3 O_4) because it contains a large percentage of iron with a relatively large Z. Five glass
samples shown in Table (2) were also studied to evaluate their ability to attenuate fast neutrons,
using the SAZ code written in the Python programming language. The most important of these
parameters is the effective removal cross-section for fast neutron ¥_R. The results showed that the
best sample was (S5), as it has the biggest value for £ R. It also turns out that the best sample
from the group of samples studied in Table (3) is Steel Alloy because it has the best neutron
attenuation parameters.

KeyWOFdS: Atomic effective number, attenuation of neutrons, gamma, cross-section,
electronic density, half, tenth layer, mass attenuation coefficients, NIST-XCOM, SAZ code.

1. Introduction

Nuclear technology is used in multiple fields such as industry, medicine, agriculture, etc. So
the human needs to protect himself and his environment from the dangers of resulting
ionizing radiation, such as gamma rays and neutrons [1]. By using radiation shields, the risks
of these rays can be reduced. There are many types of shields that are different depending on
the type of radiation, its energy, and the type of shielding material. Shielding against
neutrons must be made of materials with small atomic numbers, especially materials
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containing hydrogen in their composition [2], while shields against gamma rays need
materials with large atomic numbers [3]. The attenuation parameters of y-rays and neutrons
have been studied with different methods and materials, as in [4-17].

Calculations
I- Gamma-ray interactions with matter

Gamma rays interact with matter in different ways, the most important of which are the
following:
1- Photoelectric phenomenon: It occurs at low energies, and it is a process through
which a photon expels one of the orbital electrons from the atom, which are then
called photoelectrons [18].
2- Compton scattering: It occurs at medium energies. It represents the scattering of a
photon by a stationary and free electron. Some of the photon’s energy is transferred
to the electron, changing its energy and direction of movement. Electron density is a
determining factor for the macroscopic Compton scattering cross-section [19].
3- Pair production: It occurs in the nuclear field, and it is a process in which the photon
loses all its energy to its empty surroundings, producing an electron-positron pair.

The photon must have an initial energy E greater than the masses of the electron and

positron together 1.022 g [18].

4- Triple Production: It occurs in the atomic field, and for it to take place, it requires
E, = 2.044 MeV, and it occurs through the fall of a y photon on the orbiting electron
to be expelled, and the photon turns into an electron and a positron, thus producing
three particles: a pair of electrons and a positron [20].

. . . cm?
Mass attenuation coefficient of gamma rays p; (?)

This coefficient represents a measure of the probability of a y photon interacting with matter,
it's given by [21]:

m

Whereas p(cm™1) and p( g3) are the linear attenuation coefficient and the material density,

cm

respectively. For mixtures and compounds, it's calculated from the relationship [22]:

He = Z Wi (L) eoe ere vee vee e (2)

Whereas w; = ni—A;\: the weight fraction of the elements in the compound or mixture, as n;

iNjA{
and A; represent the atomic weight and number of atoms of the it element, respectively [23].

The total molecular cross-section oy,,, can be calculated from the relationship [21]:
= e (3)
Opm = Mt N,

Where M: molecular weight, and N,: Avogadro's number [24]. The total atomic cross-

Nanotechnology Perceptions Vol. 20 No.S1 (2024)



Investigation the Protective Armours for.... Zaid Muzher Nuri et al. 548

section ay,, can be calculated from the relationship [25]:

Otym
A= o e e s (4
Ota Zini ( )

The total electronic cross section oy, is calculated from the relation [26]:
= > @) s (5)
Ope = NA ; i Zi Mg )i von ven vens

Whereas f; = Zn—;l the fractional abundance of atoms of the i™® element in the compound, and

Z;: it's atomic number [27]. The effective atomic number (Zq¢), which represents the ratio
between the total atomic and electronic cross-sections, can be given by [21]:

Oy,
Zeff = E den aes s (6)

Ope
The electronic density (N.) represents the number of interacting electrons per unit mass of
the attenuated material, and it's given by [27] :
He Lo
Ne =—=
© T one O XifiA

The mean free path (A) represents the average distance that the rays travel inside the
attenuating material without interacting with it, and is given by the equation [28]:

(7

1
Alcm) = —...oo ... (8)
ZR
The half value layer (HVL) represents the required thickness of the attenuation material at
which the intensity of the rays falling on the material decreases to half its original intensity,
and is given by the relationship [9]:

B In(2)

HVL(cm) = R 9

The tenth value layer (TVL) represents the thickness of the attenuation material required to
reduce the intensity of the rays to one-tenth of its original intensity, and it's given by [9]:
In(10)
TVL(cm) = ———...... e ... ... (10)

IR
A number of eco-friendly metallic compounds shown in table (1) were used in studying the
attenuation of y-rays. One of the important factors in choosing a shielding material against y-
rays is that it should have a large Z and a high p, and be highly attenuating, in addition to its
thickness. It is also preferable that it be environmentally friendly. It does not cause harm to
the environment when used, disposed of, or recycled, and it is easy to remove heat from it, in
addition to its good resistance to radiation damage, in addition to its low cost of obtaining it,
and its advantage of structural durability [19].

Table (1): the compounds used in studying gamma ray attenuation, with their densities.
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. g
Composites p (@)
Fe, 05 5.27
Fe;0, 5.20
FeTiO; 4.79

TiO, 4.25

I1- Neutrons interaction with matter

Due to the large range of neutron energies; the process of shielding against neutrons is very
complex. Among the most important interactions of neutrons with matter are the following
[29]:

1- Elastic scattering: When a neutron collides with the nucleus in a collision similar to
the collision of billiard balls and bounces off of it, it loses a very small portion of its
initial energy to be transferred to the nucleus in the form of kinetic energy [30].

2- Inelastic scattering: The colliding neutron transfers some of its energy to the
scattering nucleus, causing it to be excited. Then the nucleus releases y rays by
rearranging the energy levels to stabilize them [29].

3- Neutron capture: The nucleus captures neutrons, which excites them. To stabilize
them, they emit a y particle or photon, which is a factor in determining the design of
shields. A material with a large Z is often incorporated to absorb the resulting y rays
[29].

Effective removal cross section of neutrons £ (cm™1)

The Xy of fast neutrons describes the probability of the fast neutron that undergoes the first
interaction from the group of penetrating uncollision neutrons[30]. It can be calculated for
chemical compounds or mixtures from the equation [31]:

Ip= Zpi (%)i (1)

2
Where p; (13): the partial density, and (27“) (%): the removal mass cross-section of the

cm i
ith element [2], and can be calculated through semi-empirical equations based on Z and A,
like James Wood's semi-empirical equation that given by form [32]:

y 1
FR =0.206473-27929% _ (12)

Whereas Z, A are the atomic and mass numbers, respectively. %" can also be calculated from
Zoller's two semi-empirical equations, which are given by form [33]:

z
7“ =0.1927973 | 7<8 ....(13)

z
FR =0.125279565 | 7>8 .. ..(14)

To calculate (TVL, HVL, 4) for neutrons, the same equations (10,9,8) can be used,
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respectively.
Results & Discussion

Gamma-ray attenuation parameters were calculated using the NIST-XCOM database on the
Internet website.

I- Gamma ray attenuation - calculation

Figure (1) shows the mass attenuation coefficient u, for several eco-friendly compounds
shown in Table (3), and the results showed that u, decreases rapidly with increasing incident
photon energy. The compound (Fe30,) has the highest value of u,, and the lowest value for
the compound (Ti0;) at the same energy, and this can be attributed to the large o, of

.6
gamma-ray attenuation, which is proportional to 2 as the photoelectric phenomenon is

4

E3.5’
dominant [34]. Compton scattering dominates at intermediate energies, where &, is
proportional to % [35]. u, increases slightly, as in the side view of Figure (1), due to the
proportionality of &, to Z?, where the pair production interaction is dominant and then

stabilizes at high energies E > 100 MeV [36,37].

Linear attenuation coefficient as a function to a photon energy of all compounds.
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Fig (1): Mass attenuation coefficient versus photon energy.
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Mass Attenuation coefficient as a function to a photon energy of all compounds.
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Fig (2): Linear attenuation coefficient versus photon energy.

Figure (2) shows the linear attenuation coefficient u, as u decreases with increasing energy
of the incident photon and then increases slightly at high energies. The biggest value was for
the compound (Fe304) and the minimum value was for the compound (Ti0,) at the same
energy. The big value to u for (Fe30,4) due to its density; u depends on the density of the
substance, as well as the fact that it contains Fe with a high Z compared to other compounds.

Figure (3) shows the total molecular cross-section o, ,,,, as it is high at small photon energies,
and gradually decreases with increasing energy. The largest value of o, is for the
compound (Fe30,), as oy, is directly proportional to p, due to the big value of o), at the
minimum energy, and the compound (Ti0,) has a least value because it's less dense and
contains lighter elements.

Figure (4) shows the total atomic cross-section a,,, Which is large and then begins to
decrease rapidly to a certain extent, then begins to increase slightly with increasing photon
energy when the phenomenon of pair production is most influential. The maximum value of
o, Was for the compound (Fe30,4) and the lowest value for o, , at the same energy was for
the compound (Ti0;), due to the presence of atoms with a small Z in it. We also note its
stability at high energies.
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60

Atomic cross section as a function to a photon energy of all compounds.
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Fig (3): Total molecular cross-section versus photon energy.
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Fig (4): Total atomic cross-section versus photon energy.

Figure (5) shows the total electronic cross-section o, and it starts with a large values at
small photon energies, then decreases rapidly to a certain extent, then its amount increases
slightly. The biggest value of o,, was for the compound (Fe30,), and the least value for
o, Was for the compound (T'i0;) at the same energy, and the explanation for this is due to
the difference in the number of electrons that the photon encounters in both compounds.
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Effective Atomic number as a function to a photon energy of all compounds.
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Fig (5): Total electronic cross section versus photon energy.

Electronic cross section as a function to a photon energy of all compounds.
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Fig (6): Effective atomic number versus photon energy.

Figure (6) shows the effective atomic number Z.¢, and we note that it has a constant value

for the photon energies studied, as its values are equal to (12.623, 14.353, 15.666, 15.154) for
the compounds (Ti0,, FeTiO3,Fe304, Fe,03) respectively, and its amount changes with
the chemical composition of the compound. The highest value is for (Fe30,4), due to it
containing the biggest number of electrons, and the minimum value is for (Ti0,), due to it
Nanotechnology Perceptions Vol. 20 No.S1 (2024)
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containing lighter elements.

Mean free path as a function to a photon energy of all compounds.
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Fig (7): Electronic density versus photon energy.
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Fig (8): Mean free path versus photon energy.

Figure (7) shows the electronic density N, since the quantity is related to Z., therefore its
relationship with  photons  energy is  constant, and is equal to
(2.85775,2.85271,2.84909,2.85588 ) X 1023§ for (Fe,03,Fe30,4,FeTiO3,TiO,)

compounds, respectively. The highest value was for (Fe,03), and the least value was for
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(FeTi03) that because it's proportional to fe

Figure (8) shows the mean free path A, which starts small and increases rapidly as the photon
energy increases until it reaches its highest value for the compound (Ti0-), and then begins
to decrease gradually and slowly when the phenomenon of pair production is the most
common reaction, while the minimum value of A is for the compound (F330,) at the same
energy, because the compound (F330,) has a higher density and a greater effective atomic
number than the compound (Ti0O,) which is lower in density and an effective atomic

number.

Tenth value layer as a function to a photon energy of all compounds.
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Fig (9): Half value layer versus photon energy.
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Half value layer as a function to a photon energy of all compounds.
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Fig (10): Tenth value layer versus photon energy.

Figures (9&10) show the half, tenth value layers (TVL & HVL), as they have small values at
low energies, then they begin to increase when the photon energy increases, and they almost
stabilize at high energies, that is, when the pair production reaction dominates. Their highest
values are for the compound (Ti0,), and their lowest value is for the compound (F330,),
this means high attenuation efficiency for this compound. The reason for the difference in
values is due to the density of the two compounds and their containment of elements with
different atomic numbers.

Table (2): shows the studied samples, their densities, concentrations [38].

Sample | Concentration of g
B PEies 2| eonmioh | 2 (o)
35Te02-50B203-5Bi203-5Ba0O-5LiF | S1 35-50 413
45Te02-40B,03-5Bi203-5Ba0O-5LiF | S2 45-40 4,53
55Te02-30B203-5Bi.03-5Ba0O-5LiF | S3 55-30 4. 84
65Te02-20B203-5Bi203-5Ba0-5LiF | S4 65-20 5.38
75Te02-10B203-5Bi.03-5BaO-5LiF | S5 75-10 6.06

I1- Neutrons attenuation - calculations

The (SAZ) program was used to calculate neutron attenuation parameters, which was written
using the popular programming language Python version (3.10.11).

1- Neutrons attenuation - Glasses system attenuation

Some attenuation parameters have been calculated for the fast neutrons of the glass samples
shown in table (2), which can be used in shielding processes in biological and medical
applications, such as the formation of rays in neutron capture facilities with boron or lithium.
Also, the low-energy gamma rays resulting from these captures can It is absorbed through
this glassy material because it contains relatively heavy
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metals. Balancing the components of this glass system can produce a highly efficient fast and
thermal neutron absorber [38].

Table (3): Values of the parameters for fast neutrons using the SAZ code.
ST Zp(em™) Zp(em™) | A(ecm) | A(cm) | HVL(cm) | HVL(cm) | TVL(cm) | TVL(cm)
(James) [38] James [38] James [38] James [38]
S1 0.10910 | 0.10560 9.46969 | 9.16587 | 6.56389 | 6.35329 | 21.10519 | 21.80478
S2 0.11040 | 0.10731 9.31879 | 9.05766 | 6.45929 | 6.27829 | 20.85604 | 21.45732
S3 0.10933 | 0.10671 9.37119 | 9.14696 | 6.49562 | 6.34019 | 21.06164 | 2157797
S4 0.11308 | 0.11085 9.02120 | 8.84344 | 6.25302 | 6.12980 | 20.36276 | 20.77208
S5 0.11894 | 0.11711 8.53898 | 8.40788 | 5.91877 | 5.82790 | 19.35987 | 19.66173

In table (3), X¥r was calculated, and its largest and best value was for sample (S5) due to the
large sample density compared to other samples, due to the large concentration of (Te0,) in
the sample, and the result was in good agreement with [38], and X, depends on the chemical
content of the compound [2]. The lowest value was for the sample (S1), due to its relatively
small mass density compared to the other sample [2].

Table (3) also shows the values of the mean free path 4, and its least value is for the sample
(S5) due to the inverse relationship between A and Xp, and due to the large density of the
sample, and its highest value is for the sample (S1), due to its small mass density. We also
note the great agreement of the results that obtained with [38].

Table (3) shows the values of the half and tenth value layers (TVL, HVL), as their highest
values were for the sample (S1), and the lowest values were for the sample (S1) due to the
inverse relationship between (TVL, HVL) and Zg, and this can be explained because the
chemical content of the samples differed in their densities [38], and the results showed great
agreement with [38].

2- Neutrons attenuation - Various samples

Table (4): Shows the values of shielding parameters for fast neutron using SAZ code and
compares it with [8].

les Resin Dolomite | Aluminum | Steel
Parameters 250 WD | sand Oxide Alloy
p(g/cm?) 1.4 2.5 2.698 7.87

James | 0.08248 | 0.09897 | 0.11494 0.16383
2R Zoller | 0.07677 | 0.09076 | 0.10494 0.15722
[8] 0.11816 | 0.1011 0.13615 0.16937
James | 12.12356 | 10.10403 | 8.70049 6.10404
A (cm) Zoller | 13.02627 | 11.0179 | 9.52907 6.36056
[8] 8.46265 | 9.935206 | 7.34549 5.90419
James | 8.40342 | 7.003579 | 6.03072 4.23100
HVL (cm) | Zoller | 9.02913 | 7.637026 | 6.60505 4.40880
[8] 5.86586 | 6.88656 | 5.09150 4.09246
James | 27.91554 | 23.26539 | 20.03363 | 14.05508
TVL (cm) | Zoller | 29.99410 | 25.36965 | 21.94150 | 14.64573
[8] 19.48596 | 22.87666 | 16.91361 | 13.59491

Table (4) shows the values of the neutron attenuation parameters for the studied samples. The
effective removal cross section Xy was calculated, and its biggest value was for (Steel Alloy),
due to the high relative density of Fe in it compared to other samples, as it represents more
Nanotechnology Perceptions Vol. 20 No.S1 (2024)




Investigation the Protective Armours for.... Zaid Muzher Nuri et al. 558

than 98% of the components of the alloy. Its smallest value was for the sample (Resin 250
WD) due to the low relative density of small elements in it. We also notice a good match
between the results obtained with [8]. In fact, this means that maybe the SAZ code agrees
with other programs such as (ParShield & MERCSG-N) in terms of the equations used, but it
differs in terms of the programming language [8].

It also shows the values of the mean free path A and compares them with [8], as its largest
value was for the sample (Resin 250WD), due to the inverse proportionality between A and
Xg, and its lowest value was for the sample (Steel Alloy), which means that it is better in
terms of attenuation. We also note from the results that A with p for these samples is
approximately the same, and the results obtained show a good agreement with [8].

Also, it shows the half, tenth values layers (HVL, TVL). We notice that they gradually
decrease with increasing sample density. Their largest values were for the sample (Resin
250WD), while the lowest and best values were for the sample (Steel Alloy), and the results
closely matched [8]. This means that it is preferable to use Steel Alloy as a shielding material
against neutrons more than other samples because of its good shielding properties against
neutrons.

Conclusions

In the current research, we studied the attenuation parameters against y-rays for a group of
compounds shown in table (1) based on NIST-XCOM database. The study showed that the
compound (Fe;0,4) has the best attenuation coefficients against y-rays because it contains
Iron with high p and Z. Neutron attenuation parameters were studied for samples of a glass
system with different concentrations, in order to evaluate their ability to attenuate fast
neutrons through a program that uses certain semi-empirical equations. Knowing the Xy
values of the samples from the SAZ code, it became clear that the sample (S5) has the largest
value among the glass samples, which agrees well with [38], which means that it is more
suitable than other samples to be used in the design of shields in biological and medical
applications that are used against neutrons. Other optional samples were also studied, shown
in table (4), as the study showed that the Steel Alloy sample in the samples studied in [8] has
better neutron attenuation parameters than the rest of the samples, because it has the largest
value of £y according to the semi-empirical equations, which are in good agreement with [8].
This means that it can be used as an attenuation shield against neutrons.
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