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Abstract

Manufacturing high-efficiency polymeric materials to moderate fast neutrons by
converting them into slow or thermal neutrons. These materials absorb thermal
neutrons as well as gamma rays associated with neutrons. Materials of small mass
number are used to slow down fast neutrons because neutrons have a high cross-
section when they interact with these materials. Materials of high mass number
absorb gamma rays. Polyurethane and epoxy were mixed in various ratios to create a
blend to serve as neutrons shield, lead (Pb) was then added to the blend at weight
percentages of 20%, 30%, 40%, 50%, and 70% to produce a polymer composite.

Polymeric materials reinforced with lead in various ratios were tested to select the
best composite. The Polymeric samples were placed between the neutron source and
the detector, and changing their thickness from 1 cm to 10 cm in increments of 1 cm.
The neutron count rate for five readings was recorded, and the average was taken. As
a result, the relationship between count rate and sample thickness was plotted, the
half-value thickness of the shield was determined, the relationship between the
logarithm (Iy/1I) and the thickness was drawn, the removal cross-section (}.g) was
determined, as well as, the mean free path of the fast neutron, and these were
compared for each sample. This work concluded that the sample containing 20% lead
with a thickness of 10 cm and a diameter of 4 cm was the best shielding for absorbing
fast neutrons.

Keywords: polymer composite; fast Neutron; removal cross section; count rate; half-
value thickness.
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1 Introduction

Radiation shielding entails putting a shielding material between the source of ionizing
radiation and the worker or the environment. The radiations that must be addressed are X and
gamma rays, alpha particles, beta particles, and neutrons. Each kind of radiation interacts with
shielding material in a different way. As a result, the efficiency of shielding varies with the kind
and energy of radiation, as well as with the shielding material utilized [1].

Neutron particles are neutral, and since they do not carry a charge capable of penetrating
nuclei, their interaction with matter varies from that of photons. The primary response
mechanisms with nuclei are elastic and inelastic scattering and absorption [2].

In elastic scattering interactions, the neutron interacts with the nucleus, which is generally
stable and subject to momentum and energy conservation principles, on the other hand, the
inelastic scattering interactions, leave the nucleus in an excited state following the reaction and
are followed by the return of the excited nucleus to the ground stable state through gamma ray
emission. In terms of absorption reactions, the neutron is absorbed and retained by the nucleus,
converting it into an unstable radioactive nucleus, and the nucleus removes the excess energy
to return to stability by releasing gamma rays [3].

Neutron shielding is complicated because neutrons interact with matter exclusively through
nuclei, which means they do not readily stop through matter and may travel long distances
without scattering or absorption. This indicates that neutrons have a high penetrability ability,
making them hazardous in material and radiation considerations. The removal cross-section,
mean free path, and half-value thickness, are used to characterize neutron interactions with
materials [4].

Composites can be used for shielding. A composite material is made up of two or more
materials. They are defined by their capacity to combine the properties of their constituent
materials while overcoming each material shortcomings individually. Polymeric-based
composite materials were utilized in this work. It is resistant to corrosion and rust and can be
shaped into various shapes and sizes due to its light weight and ability to withstand chemicals.
Specific neutron absorbent and conductive elements were incorporated into the composite
structure to create a new design for shielding materials [5,6].
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2 Experimental and calculation methods
2.1 Materials and sample preparation

The shielding material used was a combination of two materials (called a blend) of different
concentrations, which are epoxy (EUXIT 50 KII) and polyurethane (Euxit TG-10) (made in
Egypt by the Egyptian Swiss for Industry and Trading Co.). The blend was reinforced with lead
powder (Pb) of different weight ratios. The lead percentages were (20, 30, 40, 50, 70) wt.% for
samples A, B, C, D, and E, respectively, which were mixed using blend ratios and produced
polymer composites that were calculated to be 100 per cent weight in total. Each sample is 1cm
thick and 4 cm in diameter, as shown in Figure 1. For the attenuation measurements for each
composite, its thickness was changed in the range (1-10) cm increments of 1cm.

= 2 =2 .} -3
w

Figure 1: Composite sample.

2.2. Preparation of the collimator

241 Am-Be was the neutron source used. A collimator was made up of different components
to get a neutron beam. A narrow tube with a diameter of 4 cm and a height of 10 cm was placed
in the center of a larger tube of the same height with a diameter of 11.5 cm. A polymer substance
was poured in the vacancy between the two tubes. The collimator's overall length was 10 cm,
as shown in Figure 2. The distance between the source and the detector was fixed at 30 cm by
utilizing a 20-cm-long permanent collimator, which was made of paraffin wax.
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Figure 2: Polymeric collimator

2.3. Experiment work

Figure 3 shows the experimental setup; the center of the detector and the center of the
neutron beam are in a straight line. The neutron detector was placed at a fixed distance of 30
cm from the *!Am-Be neutron source. This distance was chosen after conducting tests to
determine if the neutron detector should be oriented perpendicular to the direction of the output
neutron beam, which records the directly transmitted neutrons. Five values of neutron count
rate were recorded, and the average rate was calculated; the count rate was measured to be 38.4
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n/s at x=0; this represents the initial value I,. Shielding samples were made of polymer
composite reinforced by 20%, 30%, 40%, 50%, and 70% weight of lead with dimensions of
1cm thick and 4 cm diameter. Different thicknesses of the shielding sample for every
concentration were tested.

e 15 _y

Meutron Detector S

Hole for samples

10 cen
Collimator of polymer _ 5

Wax paraffin —_—

20 cm

Meutron source @___{

Figure 3: Experimental setup

2.4. Neutron measurements

The measurements were carried out using a collimated neutron beam from the24iAm-Be
source. The neutron beam was tested using different samples, the neutrons count rate (n/s) from
the neutron source was measured with no sample between the source and the detector, the
neutron count rate was measured again with a different thickness of the sample (1cm-10 cm)
placed between the source and the detector.

The neutron count rate was measured with a neutron detector type Inspector 1000
(manufactured by Canberra Industries, Inc. USA), neutron probe-external detector; moderated
SHe tube (8 cm active length, 2atm); intrinsic neutron sensitivity =1%, using an unmoderated
232¢f fast neutron source, mass equal to 1.36 kg [7].

2.5. Basic knowledge
2.5.1. Neutron attenuation

When neutron attenuated, the effective removal cross-section Y, of a particular material
behaves formally as a macroscopic cross-section determined by drawing the relationship
between the count rate and the thickness. Because all interactions tend to remove energy from
the fast neutron beam, the Y value is not different to the total (scattering and capture)
macroscopic cross-section Y, of the material. Neutron shielding is complicated due to the fact
that neutrons are not easily attenuated by matter since they interact with atoms of matter solely
through their nuclei. As a result, the shield material's combined removal coefficient ¥z (cm™)
was calculated experimentally. The exponential absorption equation is used to get reasonable
conclusions concerning the attenuation of fast neutrons utilizing these effective removal cross-
sections [8,9].

I = Ie” ZrRX (1)

where lo represents the initial neutron count rate for a shield thickness of 0 cm, and |

represent the count rate for a shield thickness of X cm. In general, the attenuation of neutrons
as they travel through a medium is determined by the microscopic cross-section (o), which
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follows the 1/v law (v is the velocity of neutron), and the number of atoms or molecules per
unit volume No (atom density) within the medium. Total macroscopic cross-section Y, a
physical quantity that connects these two elements, can be determined by [10,11].

Xt = Noo 2
N, is given by where N, = %NA where N, is the Avogadro’s number, M is molecular weight of
the material. For energies between 2 and 12 MeV, the effective removal cross-section will be
almost constant and when the traversed medium contains a large amount of hydrogen, it will

be ¥r = X; and when materials contain a small fraction of hydrogen Y = gzt for energy
between 6-8 MeV [12].

The effective removal cross-section for compounds and homogeneous mix may be
estimated using the values Yz (cm™1) or ¥z /p(cm?. g=1), for various elements in the compounds
or mixtures, as shown in Eq. (3), where w; is the partial density (g.cm™3) and corresponds to
ith constituent density. Then [13,14]:

Tr=2w; (Zr/p)i 3)
2.5.2. Half-value layer (HVL)

The half-value thickness (cm) is a useful radiation shielding metric that displays half-
thickness (X;,,) exponential attenuation of the neutrons. It is the thickness of absorber
necessary to reduce the intensity of a beam to one-half its initial value. The HVL is defined as
the thickness of material necessary to reduce the starting value of counts by half. The following
equation can be used to compute it: [15,16].

I _1_ -3rX
Io_z_e RA1/2 (4)

2.5.3. Mean free path (MFP)

The average distance between two subsequent contacts, or the average distance that a
neutron may gain in the material without interacting, is expressed as the mean free path (1) with
length dimensions. The interaction probability of the neutron is extremely low at this distance.
A link exists between a neutron's mean free path and its removal cross-section, which may be
proven as follows [17].

A(em) = J, xe X dx _ 1 (5)

J‘0°° e_zxdx ZR

3. Results and discussion

The neutron count rate for each sample, placed in front of the detector, of different
thicknesses in the range (1-10) cm increments of 1cm was recorded.

Displaying the relation between neutron count rate (1) and sample thickness (X) of each Pb
concentration, the thickness value required to bring the count rate value down to half its
maximum value was determined. Through the relationship between the logarithm (I,/I) and the
sample thickness of each concentration (eg. 4), the value of the neutron removal cross-section
was found, and the mean free path was determined.

Figure 4a represents the relationship between the neutron count rate and the thickness of
composite sample (A), that consists of 20% Pb and 80% blend.
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Figure 4 a: Neutron count rate versus composite (of 20% Pb) thickness.

From this figure, it can be noted that the count rate decreased as the thickness of the composite
samples in front of the detector increased because of the absorption of the thermal neutrons.
From the graph, the HVL can be determined to be equal to 3.1cm. 1 cm composite thickness
decreased the count rate of neutrons by 12%, while a thickness of 10 cm decreased the neutrons
count rate by 86%, with respect to the initial value.

Figure 4b represents the relationship between In (I,/I) and the sample thickness. It is clear
that In (I,/1) increases with the thickness increase. From this graph, ) r of fast neutron and A
can be calculated, equal to 0.215cm™tand 4.651cm, respectively.

Sample A
= 340
- yv=0.2145x-0.1183
= 25 R*=0.9876
Z 0=
m
115
10=
0:5= -
0.0 - ‘ ‘ . T ‘ T , ‘ ‘ ;
0 1 2 3 4 5 6 7 8 9 10 11
Composite thickness( cm)

Figure 4b: The variation of In (I,/I) with composite (of 20% Pb) thickness.

Figure 5a shows the relationship between the neutron count rate and the composite sample
(B) thickness formed of 30% lead and 70% polymeric material.
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Figure 5a: Neutron count rate versus composite (of 30% Pb) thickness.

From Figure 5a, the graph shows that the value of the count rate falls as the thickness of the
composite increases, allowing one to determine the half-value thickness of the composite. The
value of X needed to get the neutron count rate down to 19.2 n/s is 4.2cm, the value of the
neutron count rate decreased by 10% of its initial value when using 1cm of the composite, while
it decreased by 80% of the initial value when using a thickness of 10 cm.

Figure 5b displays the relation between In (I,/I) and the sample thickness.
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Figure 5b: The variations of In(1,/I) versus composite (of 30% Pb) thickness.

The figure shows that the value of In(l,/I) increases with the rise in composite thickness.
From the graph, one can calculate ¥z, which was equal to 0.154cm ™1, A was also evaluated to
be equal to 6.494cm. Concerning the mean free path values, it was found that there was a 39%
rise in the values of A when utilizing sample B of 30% lead as compared to sample A of 20%

lead.

Figure 6a shows the relationship between the neutron count rate (I) and the thickness of the
composite sample (C), composed of 40% lead and 60% polymer blend.
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Figure 6a: Neutron count rate versus composite (of 40% Pb) thickness.

The diagram shows a clear decrease in neutron count rate as the thickness of the composite
sample increases. From the exponential relation and the intersection of the neutron count rate
with the thickness, one can find the value of X ,, which was 4.6 cm. The neutron count rate

decreased by 8% with 1cm composite thickness, while it decreased by 78% of its initial value
with a thickness of 10 cm.

To find out the value of the removal cross-section of neutron, as well as to find out the value
of A, a graphic relationship was drawn between In(I,/I) and the composite thickness, as
illustrated in Figure 6b, where the value of 3 in this case was 0.146cm ™1 and the value of the
mean free path was 6.849 cm.
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Figure 6b: The variation of In(I,/I) with composite (of 40% Pb) thickness.

Figure 7a shows the relationship between (I) and the composite sample (D) thickness, that
consists of 50% Pb and 50% polymer blend.
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Figure 7a: Neutron count rate versus composite (of 50% Pb) thickness.

From the figure it is observed that the count rate decreased with increasing the composite thickness,
the value of X; ,, was found to be equal to 6.2 cm. From the obtained values, it was found that the
count rate value when placing 1cm of the polymeric material decreased by a very small percentage
compared to the initial value, the percentage decrease was only 7%; in the same context, placing a 10

cm thickness of the substance in front of the detector, the percentage count rate was reduced by
67%.

Figure 7b shows the relation between In(I,/I) and the composite thickness.
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Figure 7b: The variation of In(1,/I) with the composite (of 50% Pb) thickness.

From the figure, the relationship shows that In(I,/I)increased as the thickness of the
composite increased. The removal cross section of neutrons and the mean free path were
0.109cm™! and 9.174 cm, respectively.

Figure 8a depicts the connection between the neutron count rate and the composite sample
(E) thickness which was made up of 70% Pb and 30% polymer blend.
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Figure 8a: Neutron count rate versus composite (of 70% Pb) thickness.

From the figure, the graph shows that the count rate falls as the composite thickness
increases. The value of X, ,,was determined to be 9.0 cm. The percentage of neutron count rate
decreased by 4%, which is a very small percentage, when placing 1cm of the polymer, while
the percentage decrease of the count rate was 52% with 10 cm substance thickness, which is a
small percentage when compared to the samples of low concentrations of lead.

Figure 8b shows the relation between In(I,/I) and composite sample (E) thickness.

o Sample E
5 § v =0.0755x-0.0608
E N R2=0.9675

2.0 -

1:5=

0 1 2 3 4 5

11

Cgmpos-]ite thiscknesgs (cml)0
Figure 8b: The variations of In(I,/I) with the composite (of 70% Pb) thickness.

The graph indicates that as the thickness of the composite increases, In(1,/I) increase. The
removal cross section of neutrons and the mean free path was calculated to be 0.076 cm ™! and
13.158 cm, respectively.

The removal cross-section value decreases as the concentration of lead increases in the

composite. The composite with a concentration of 20% lead is preferred over the other prepared
concentrations when comparing the values of X, ,,, while it was found that by increasing the
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percentage of lead in the composite, a greater thickness is required to reduce the count rate
value by half.

As for comparing the mean free path values, the best value was when using samples with a
concentration of 20% lead, the obtained results show that the mean free path value increased
with increasing lead concentration.

4. Conclusions

Sample (A), consisting of 20% Pb and 80% blend, has the most efficient characteristics as a
shielding material against 2*!Am-°Be neutrons source. The half-value thickness was 3.1 cm, a
removal cross-section of 0.215¢m™1, and a mean free path of 4.651 cm. Therefore, it is clear
that the best concentration that can be used as an effective neutron absorber is the composite
containing a concentration of 20% lead because the removal cross-section value is higher than
the rest of the values obtained from other concentrations.

When compared to current known shielding materials, this material has the benefit of being
able to be applied as a solution to any type of surface, making it more robust for practical
applications. This shielding might be used for shielding and transporting radiation materials, as
well as for neutron source researches. It also has the benefit of lowering the cost of the radiation
shield.
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