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Abstract: This research intends to develop various shielding materials to shield employees and general public from the
effects of neutron radiation. The Monte Carlo N-Particle (MCNP) transport algorithm is used to predict the neutron
macroscopic cross section (or neutron attenuation) for three samples of distinct clays (ball clay, kaolin, and betonies).
Simultaneously an experimental work with the aide of the neutron source Plutonium-Alpha-Beryllium (Pu-a-Be) is done to
measure the neutron flux and the neutron macroscopic cross section in order to verify the theoretical results. In the current
study, a number of kinds of Egyptian clays are regarded as a natural construction materials have been examined as
radiation shielding materials. The microstructure of these samples was examined using scanning electron microscopy.
These sorts of construction materials have excellent chemical durability, In addition to being naturally available; they also
have a low hydraulic conductivity and a reasonably high hardness. Compared to other shielding materials, the clays are
good resistant to chemicals and environment factors and are more readily available in Egypt.
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1 Introduction for how neutron radiation interacts with materials through

atoms' nuclei. Neutrons categorized by energy are three

Neutrons and other forms of ionizing radiation are
extremely harmful to human health, thus it is important to
evaluate the hazards, evaluate the exposure threshold, and
create protective technology. [1]. Because neutrons only
interact with matter through nuclei, it is difficult to stop
passing through most materials and they can travel great
distances through them without scattering or absorbing,
which makes neutron shielding a complex process. This
indicates that the neutrons are harmful in terms of material
and radiation because of their great penetrability ability.

[2], the main parameters characterize the way neutrons

interact with matter are as removal cross-section(XR),mean
free path, and half thickness [3]. The shielding system's
goals are to reduce radiation exposure and attenuate neutron
particles. [4]. the way that neutrons interact with materials
is different from that of photons because being neutral, they
do not carry a charge therefor can enter nuclei [5].

The Kinetic energy of the neutrons is primarily responsible

types in general. Thermal neutrons (less than 1 eV),
Epithermal neutrons (between 1 eV and 0.1 MeV), and Fast
neutrons (over 0.1 MeV), the flounce is used to express the
amount of neutron radiation absorbed in materials. The
neutron flounce is defined as the number of neutrons (n) per
unit area, as (n/cm2). when measure the neutron radiation
rate it is expressed in terms of flux, or (n/cm2/s).

It is necessary to slow down fast and intermediate neutrons

and then absorb thermal neutrons when designing the
neutron shields. Thus, For shielding purpose the overall
composition of a material containing atoms that can
thermalize and absorb neutrons is essential.[6].

The mechanism of reaction between neutrons and nuclei
involves. (Elastic and inelastic) scattering and absorption.
In elastic scattering interactions, the nucleus tends to be
stable and subject to the loss of momentum and energy
maintenance. Whereas the inelastic scattering interactions
leave the nucleus in an excited state following the reaction,
and they are followed with the return of the exciting
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nucleus into the ground stable through the emission of
gamma rays. [7]. regarding reactions of absorption, the
nucleus absorbs and captures the neutron, which causes the
nucleus to transform into an unstable radioactive nucleus.
The nucleus then releases excess energy in the form of
gamma rays in order to stabilize. [8],

In the present study, certain Egyptian clay varieties that
are employed as natural building materials have been
examined for their potential as neutron shielding materials.
The current clays are cleanand sustainable building
materials that may be added to concrete mixtures in precise
ratios to raise their density and improve neutron
attenuation. They can also be utilized as a neutron shield in
radiation protection applications.

1.1 Computational methods

The Monte Carlo algorithm is one of the recent computer
techniques that have become essential for producing
radiation-shielding composites for nuclear uses. With these
methods, radiation calculations in complicated three-
dimensional geometries may be completed quickly and
precisely. In addition to determine the best materials'
chemical composition for maximum  attenuation,
Mechanical and physicochemical characteristics are
determined for a particular application. Some of the
advantages of using computational techniques are:

(1) Provides sensitivity analysis and optimization for real
systems without the need to operate those systems in real
time.

(2) Simulated experimental conditions are more strictly
regulated than what the real system is.

(3) Analyzing the system for a longer or shorter time frame
is simple than its actual operation.

The Monte Carlo approach is employed in particle physics.
Which simulates how radiation moves through materials?
Add to that, the Monte Carlo method gets realistic solutions
for the transport equation over 3D complicated geometry
because the transport equation cannot be analytically solved
for a number of real-world situations. The Monte Carlo
method involves using a synthetic random number
generator to simulate the histories of a certain number of
particles through interactions with matter. [9]. Random
numbers are created and utilized to sample the proper
probability distributions for each particle history, including
those for the particle/photon's starting energy, path of
motion, step duration, interacting nucleus, what kind of
interaction, subsequent direction, etc. It is possible to
determine the expectation or mean value x of various
quantities, which might include the flux, current, escape
probability, or any number of different quantities, through
tracking every particle's history. The answer provided by
this method, which is primarily based on statistical ideas, is

not unique; rather, it is an estimate that should fall within
specific intervals of confidence for the "true™ answer. As
there are more histories, there is less uncertainty about the
final result.

Several studies have utilized Monte Carlo simulations to
examine the attenuation properties of the concrete. Most of
the published research concentrated on looking the gamma
ray attenuation coefficients in concretes containing iron and
lead [10]. [11]. & additional mineral additives investigated
the gamma shielding qualities of concretes with varied
hematite percentages using numerical simulations utilizing
the Monte Carlo N-Particle code (MCNP). [13]. [14].
Different concrete compositions containing boron and
improvement polymers have also been the subject of
computational studies of neutron shielding. [15].[16].
Utilizing the FLUKA Monte Carlo simulation system, the
neutron attenuation properties are examined for concrete
enriched in Ferro boron as well as boron carbide [17]. [18]
In addition conduct researches on the significance of
cement-based composites' atomic compositions and
moisture content in neutron shielding is studied with Monte
Carlo simulation using the FLUKA code

Investigation on the concrete's ability to shield hadron-
therapy accelerators also has been studied [19]. All these
Simulation works are firmed up by experimental evidence
showing excellent agreement between the two techniques.

2 Material and methods
2.1 Sample preparation

Three different types of clay, including, ball clay, kaolin,
and bentonite, have been obtained from quarries in the
Egyptian provinces of Aswan, Abuznima, and Fayoum.
They were stoned, reduced to powder, and dried in the sun.
After being sieved to a size of 100 m, the materials had
been thoroughly mixed with water and dried in the sun after
splitting into sections. After that, the samples were baked at
a temperature of 5000C. The A, B and C, respectively, are
samples of, ball clay, kaolin, and bentonite are shown in
Figure (1). The formula used to determine the porosity, P,
of the sample, which is referred to as the ratio of the void
volume with the total volume is. [20-23].

P (%) =+>

Where W (g), is the saturated mass of clay sample (the
sample immersed in boiling water for 2 h), D (g), is the
dried mass of clay sample (the sample dried in the oven at
110 °C for 48 h) and V (cm3) is the exterior (total) volume
of the sample (V = W x S), where S (g), is the suspended
weight of sample in water.
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Fig. 1: The various clay samples that was prepared.

Figure (2) illustrates the distribution of particles inside each
type of clay viewed using a scanning electron microscope
(SEM).

Fig. 2: SEM images for the various clays that are dealt with
in this study where (a) ball clay (b) kaolin and (c)
Bentonite.

The flowing table illustrates the chemical compositions of
clay samples.

Table 1. The chemical compositions of four different clays
and their density.

Sample Ball Clay Kaolin Bentonite
Red 1.99 g/cm3 1.99 g/cm3 2.1 g/cm3
Clay

Na20 0 0 13+0.11
MgO 0 2.99+0.16 1.18+0.21
Al20 35.08 +0.21 35.53+0.24 | 20.35+£0.14
Sio2 58.26 + 0.21 55.26 +0.11 | 49.65 + 0.22
SO3 0 0 1.96 £ 0.46
K20 0 0 1.28+0.13
Ca0o 0 124 +0.42 10.92 £ 0.25
TiO2 25+0.21 2.76 £0.25 2.74+0.14
FeO 416+0.21 2.22+£0.17 10.62 £0.19

Figure (3) depicts a schematic of the experimental setup
utilised for the neutron propagation measurements as well
as its geometrical details. The measurements were
performed using the fast neutrons emitted by Pu-a-Be
(plutonium —alpha- prelium) source with activity 5 Ci and
half-life of 24360 years

. To protect against emanating y -rays, the fast neutron
beam was extracted using a lead shielding directly behind
the source. A stilpene-organic scintillator detector was used
to count the neutrons over a 30-minute period. As shown in
Figure (3), the detector was placed 30 cm apart from the
sample for all measurements. The Lambert-Beer equation
was used to determine the macroscopic cross section (Z,
cm~—1) for each sample:

Z(E)=—%In( '(E)J )

1,(E)

Where x is the sample's thickness, I, and I, are the incident
and transmitted beam intensities respectively. There was no
shielding sample present when the incidence intensity was
measured (which is called the bare sample).

Fig. 3: The set-up schematic diagram used in the current
work.

Where,

1-Shield of paraffin

2-Neutron source

3- Sample

4 —Stilpene scintillator detector
5-Arounding detector shield of paraffin

2.2 The macroscopic cross sections of fast
neutrons (2):

This parameter, denoted by X describes the probability of
interaction of a neutron with a target material with units of
cm L. Where the fast neutrons can, however, undergo a
number of interactions with the nuclei's which are required
in shielding study they are known four neutron interaction
modes [22].

1- Elastic scattering: Neutrons are slowed down by
interacting with atomic nuclei primarily by
Moderation according to this equation.

2- The average energy loss

_ 2EA
(A+D)
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)

Where the average energy loss occurs when the incident
neutron with Kinetic energy E strikes an atomic nucleus
with atomic weight A.

2- Inelastic scattering: often occurred by heavy materials to
slow down the neutrons through this equation.

. |E
E'=64 | 3)

Where E is the energy of the incident neutron, and E is the
energy of a neutron emerging from an inelastic scattering.

3-Transmutation: In this type of reaction the element
transforms into another when a neutron is absorbed by a
nucleus.

4-Radioactive Capture: This reaction has low absorption
cross section with fast neutron where a nucleus absorbs the
neutron and enters an excited state. The nucleus releases
gamma rays to get back to its stable state. The equation
represents this reaction is

n+X,"" - X, +y (4)

2.3 Mathematical Model

The simulations were carried out using version 6 of the
Monte Carlo N-Particle Transport Code. (MCNP6)
developed at the Los Alamos National Laboratory [12]. The
transport code MCNP6 is used to simulate how neutron
radiation interacts with matter. The geometrical model
utilized in MCNP simulations is depicted in Figure
(6).Where Monte Carlo code (MCNP6) was used to model
the experiment in order to calculate the attenuation
coefficient of neutron radiation or total macroscopic cross
section (X) for each one of the three different samples (ball
clay, kaolin and bentonite) by tally F8. The source used in
MCNP6 is general source (SDEF) that is defined with the
required energy range, position, and type of particle.

Finally to validate, and check the accuracy of the
theoretical results we compare it with the experimental
results.

Fig. 6: The simulated experiment by VISED MCNP6.

Figure. (7) Depict the neutron spectrum used in MCNP
simulation.
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Fig.7: The energy distribuotin of the source.

4 Results and Discussion

Figure. 8 (a, b, ) displays the exponential neutron fluxes of
the three samples. The investigated flux of the
three samples are plotted with an energy range of (0.8 -7
MeV).

Figure. 8 (a) shows that the neutron flux has been
attenuated by the ball clay sample mostly as a result of
inelastic scattering by the component elements-with high
density- as iron, calcium, silicon, and titanium or by
radioactive capture by sodium and aluminum as mentioned
by equations (3) , (4)
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Fig.8-a Fast neutron flux spectra behind ball clay barrier.

Figure. (8-b) demonstrates the neutron flux has been
attenuated by the kawlin sample also as a result of inelastic
scattering by the component elements-with high density- as
iron, calcium, silicon and titanium or by radioactive capture
by sodium and aluminum. There is a difference from the
ball clay case and this is attributed to the difference of
concentrations of elements composite the sample.
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Fig. (8-b) Fast neutron spectra behind kawlin barrier

Figure. (8.c) also illustrates the neutron flux attenuated by
the Bentonite sample as a result of inelastic scattering by
the component elements-with high density-as iron, calcium,
silicon and titanium or by radioactive capture by sodium
and aluminum. There is a difference from the above two
cases due to the difference of concentrations of the
elements of composition of this sample from the above two.
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Fig. (8.c): Fast neutron flux spectra behind Bentonite
barrier.

4.1 The results of comparison

The total macroscopic cross section of fast neutron (X) has
been calculated using equation (1) by MCNP simulation for
various samples and confirmed with experiment
measurements in parallel as follow:

a.sample # 1 (Ball clay) by MCNP simulation

Name Ball clay
NPS 5E8

Temp. Room temp
Thickness 2.95cm

(Where NPS is the number of particles-including runs)

Figure. (9.a) demonstrates the total macroscopic cross
section of fast neutron (X) which have been calculated by
MCNP simulations and measured experimentally for ball
clay shields. The total cross is mostly due to inelastic
scattering by high density element such as iron through
equation (3). It is observed that the total cross section
mostly depends on the inelastic scattering type of the
elements composing shields.
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Fig. (9,a) ball clay.
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b.sample # 2 (Kawlin) by MCNP simulation

Name Kawlin
NPS 5E8

Temp. Room temp
Thickness 2.85cm

Figure. (9.b) depicts the total cross section of fast neutron
() for kawlin calculated by MCNP simulations and
measured experimentally which is attributed mostly to
inelastic scattering by high density element such as iron
through the equation (3). It is observed also that the total
cross section mostly depends on the inelastic scattering type
and the difference from the above case of the ball clay
resulted from the difference in densities of heavy elements
composite the shielding material.
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Fig. (9-b) kawlin

c.sample # 3 (Bentonite) by MCNP simulation

Name Bentonite
NPS 5E8

Temp. Room temp
Thickness 2.6 cm

Figure. (9.c) shows the total macroscopic cross section of
fast neutron (X) for Bentonite shields which have been
calculated by MCNP simulations and measured
experimentally. Also as in the previous two cases is
attributed mostly to the inelastic scattering by high density
elements composing the shield material (as iron). It is also
observed that in addition to the total cross section mostly
depends on the inelastic scattering type there is a difference
from the above two cases of the ball clay and kawlin which
is due to difference in densities of elements composite the
shielding sample.
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Fig. (9-c).
5 Conclusion

The results show that the total cross section depends on the
chemical composition and density of the shielding
materials. The shields containing iron with high
concentrations in their composition are more effective for
attenuation of fast neutrons through inelastic scattering.The
total macroscopic cross sections of the samples which
calculated by MCNP simulations and measured
experimentally verify that the three different samples of
clay's have better fast neutron attenuation capabilities.
Generally speaking, the results of the experiments and the
MCNP simulations are whoevers in agreement with some
deviations. -Where the simulation results frequently fall
short of those obtained through measurement- which
Perhaps due to the assumptions and simplifications made in
the simulation geometry. Besides, the difference between
the measured and simulated results could be caused by the
inhomogeneity composition of the clay samples used in the
experiment other than that calculated in Monte Carlo
simulation. Furthermore, the difference between results of
calculations and experiments may be caused by MCNP
simulations itself via the following reasons

1-Simulated material densities and compositions.

2- Uncertainties in the MCNP nuclear data libraries used.
2-The approximation in the model.

3-uncertainty in the measurements and calculations results
due to the errors.
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