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Abstract

Nal (TI) detector system and Co-60 radioactive isotope were used to study the
possibility of improving the radiation attenuation properties of different samples of gypsum-
wood ash composite shield reinforced with micro-Fe particles. Seven types of composite
shields were prepared, distributed between one sample of gypsum and two of gypsum-wood
ash with concentrations of (0.6: 0.4) wt and (0.4: 0.6) wt of gypsum to wood ash respectively.
Four samples of gypsum-wood ash-Fe with weight fraction (wt) of 0.36: 0.24: 0.4, 0.24: 0.16:
0.6, 0.24: 0.36: 0.4, and 0.16: 0.24: 0.6, respectively. The values of T %, LAC, MAC, MFP,
HVL, RPE%, and dPb were obtained experimentally. These results were then strengthened by
conducting a theoretical study of these parameters using the Phy-x/PSD platform and the
NGCal program. The results showed that the radiation attenuation properties of gypsum
improved significantly when the gypsum-wood ash samples were reinforced with micro-Fe
particles, as the 0.6 wt of Fe addition ratio, for GA1F2 and GA2F samples, achieved a
significant improvement in the radiation attenuation properties against the gamma rays. The
GA1F2 sample recorded the best LAC values of 0.1257 cm™ and 0.1121cm™!, with an increase
rate of 70.5563 % and 61.9942 % relative to the gypsum sample (G) for gamma energies of
1.173MeV and 1.333 MeV. The improvement in LAC values was reflected in the values of
other parameters, as the GA1F2 composite shield achieved the smallest values of T %, MFP,
and HVL and the highest values of MAC, RPE % and dPb. The results of the current study
showed that the GA1F2 sample could be suitable for radiation applications and reduce radiation

exposure.
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1. Introduction sources. In addition to artificial sources
A high number of people are constantly resulting from the widespread uses of
exposed to radiation emitted from natural radiation in various fields such as industry,
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agriculture, nuclear reactors, space, and
nuclear and radiation medicine [1-3].

Increased exposure to various nuclear
radiations exposes great risks to various
living organisms. It is necessary to develop
appropriate methods and mechanisms to
protect people from the harmful effects of
these radiations. One of the most important
ways to reduce exposure and reduce the
impact of radiation is to use protective
shields to block the rays or reduce their
intensity.

Choosing the appropriate type and
thickness of shielding material depends on
the type and energy of radiation [4-6].
Various materials were proposed and
studied as radiation shields, such as lead,
alloys, clay, and concrete. Many
researchers referred them as effective
alternatives to mitigate the harmful effects
of radiation for many reasons, such as high
density, cheap price, availability, capacity,
and ease of formation [4-7].

Researchers considered the possibility
of incorporating building materials as a
viable option for radiation protection due to
their ease of processing and the availability
of their components. One of these
alternatives is gypsum, which is considered
an essential raw material and is abundantly
available, in addition to many other positive

qualities [8, 9].
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Recently, there has been a trend towards
the use of composite materials for radiation
protection applications.

These composites combine different
materials to enhance shielding properties,
allowing the design of shields tailored to
specific radiation sources and
environments. Moreover, by incorporating
these elements and compounds into a
matrix material, composite shields can
achieve good blocking and attenuation of
ionizing radiation [10-12]. There is an
increasing demand for the development of
new environmentally friendly binders as
they play an important role in the overall
performance of construction.

Mortar is a composite material that
binds building units together and is also
useful for distributing the load uniformly on
the underlying brick or stone. Gypsum is a
synthetic building material used to bond
building units, in building ceilings and in
interior wall coatings. Moreover, it is used
in the medical field as a shield against low-
energy X-rays in diagnostic radiology [6].

Theoretical calculations of the mass
attenuation coefficients of cement, gypsum,
and a mixture of gypsum and PbCO3; were
performed using the MCNPX code [7]. In
another study, fly ash-lime-gypsum (FaLG)
bricks were prepared and the parameters of

the accumulation of exposure to energy and

dose were studied [13].
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The use of many and varied composites
based on gypsum as a matrix material has
been studied and their radiation attenuation
properties have been determined for their
possible use in nuclear applications.

The efficiency of radiation shielding
against gamma rays has been tested for
composites of Gypsum / poly (methyl
acrylate) [14]. Gypsum-graphene, and
Bi20; / bentonite—gypsum which showed
improved radiation attenuation properties
of gypsum [15, 16].

An experimental and theoretical study
was conducted using the XCOM database
of gamma rays attenuation coefficients for
some types of gypsum concrete reinforced
with different percentages of boron at
different gamma ray’s energies showed that
increasing the percentage of boron added to
gypsum concrete increases the values of the
attenuation coefficients and improves the
shielding properties of the samples [17].

The efficiency of shield made of
gypsum-marble mortars reinforced with
different concentrations of micro and nano-
powders of PbO was also tested. The
as well as the

XCOM
showed that

experimental results,

theoretical results wusing the
database for that study,
increasing the concentration of PbO in the
composite led to an increase in the values of
the linear attenuation coefficient (LAC and
decrease the half layer thickness (HVL),

and the rate of free path (MFP) thus

53

improving the shielding efficiency of the
gypsum [18].

In the current study, gypsum is used as
a low-cost shielding material, to increase
the attenuation efficiency of the composite.
Gypsum was reinforced with different
proportions of local industrial waste from
wood ash with a granularity of up to 50pm
and iron powder with a granularity of up to
100pm.

The experimental study was conducted
using the Nal(TI) detector and the Co-60
isotope that emits gamma rays with
energies of 1.173 MeV and 1.333 MeV. The
experimental study was also supported by
two theoretical studies using the Phy-x/PSD
platform, and NGCal internet computer

program [19, 20].

2. Materials and Methods

2.1 Materials and Samples

Preparation

Seven different samples of gypsum,
wood ash, and micro-iron particles mixture
were prepared. These samples were
distributed between one sample of gypsum,
two of gypsum and wood ash with different
weight fractions.

Other four with different weight
fractions of gypsum, wood ash, and micro-
Fe particles, as shown in (table 1), clarifies
the densities of the prepared samples

calculated experimentally and theoretically.
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Nal(Tl) scintillation detector system was
used, and a narrow beam of gamma rays
emitted by the radioactive isotope Co-60.
That emits energies of 1.173 and 1.333
MeV gamma rays and obtained using lead
collimators with central holes of 0.5 and
Icm for both the source and detector

collimators, as shown in (figure 1).

Table 1: Symbols, components, and
experimental and theoretical densities of

composite shied samples.

Density (g/em’)
Sample code Contents ratios Error ratio (%)
Theo. | Expt.
G Gypsum 12 | 147 3.9294
GAl 0.6 Gypsum + 0.4 Wood Ash 0.9744 | 09111 64971
GA2 0.4 Gypsum + 0.6 Wood Ash 0.8906 | 0.8995 0.9977
GAIF1 0.6 (0.6 Gypsum + 0.4 Wood Ash) + 0.4 Fe | 15002 | 15724 48118
GAIF2 0.4 (0.6 Gypsum + 0.4 Wood Ash) + 0.6 Fe | 2.0546 | 1.9324 5.9479

4(
GA2F1 0.6 (0.4 Gypsum + 0.6 Wood Ash) +0.4 Fe | 1.3803

13372 31212

GA2F2 1.9036 | 1.8334 3.6886

0.4 (0.4 Gypsum + Wood 0.6Ash) + 0.6 Fe

—— 8cm —|
—Scm —I

Lead shield

1 Nal(TI) detector
. digiBASE

collimator .
Lead collimator
Radioactive
source

Gamma rays

Figure 1: A schematic diagram of the
work system.

Samples preparation included local
gypsum manufactured in Iraq from Al-
Myzan gypsum company, in addition to
wood ash from local waste. That which was
sieved with a fine sieve with holes

measuring 50 pm. Iron powder from local

54

industrial waste was also used, with a
particle size of up to 100 um that was
obtained using a sieve of this scale. All
shield samples were prepared in a
cylindrical shape with a diameter of 1 cm
and different thicknesses of 1, 2, and 3 cm.
Furthermore, (figure 2) shows shape of the
prepared samples used for the current study.

Components of materials used that
were used to prepare shield samples and
their theoretical densities are also listed in
(table 2), which were used to calculate
shield densities and perform theoretical
calculations intended for this work [19-21].
Enhancing the current experimental study
of the prepared samples, two theoretical
studies were conducted using the Phy-
x/PDS platform, and NGCal computer
program [22, 23]. Studies were utilised to

calculate radiation attenuation parameters

for gamma rays at energies and materials

specified by the user.
B~
GA1
I
G
GA2 i

Figure 2: Prepared samples.
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Table 2: Chemical formulas and densities

of materials used to prepare composite

samples.

Material Chemical formula Density (g/cm’)
Gypsum [19] CaS04.2H0, or (CaHsSOs) 1.2
Wood Ash [20] [ 0.55 Si0; +0.259 ALO3 + 0.074 Fey03 + 0.057 CaO 0.76

+0.02 Mg0 +0.02 K,0 + 0.01 805 +0.01 NayO

Iron [21] Fe 7874

2.2 Radiation Measurements

When a parallel beam of gamma
rays falls on the material, the incident
photon interacts with one of the atoms of
the material by any of the three processes.
Either because of the absorption of its full
energy and its annihilation (by the
processes of the photoelectric effect or pair
production) or because of its deviation from
its path (Compton’s phenomenon).
Accordingly, the exponential attenuation
equation becomes in the form the following
[24, 25].
= 1,e7™™ (1)

where I, 1, and p represent the
incident intensity of gamma rays, the
intensity of the rays that penetrate a
thickness of material x, and linear
attenuation coefficient (LAC). Equation (1)
is valid if the photon beam is parallel,
narrow and single-energy and the thickness
of the absorbing material is very small. It is
called the Beer-Lambert equation. This
exponential relationship shows that there is

no specific range for gamma rays within the
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material. The relationship (1) can be used to
calculate the linear attenuation coefficient
as follows

LnIT" = ux (2)

The value of the mass attenuation
coefficient (MAC or um) can be calculated
from the value of the LAC according to the
following relationship [25].

M = /p (3)

where p represents the density of the
substance. If the substance is composed of
several elements as a compound, the
density of the compound is calculated using
the law of mixtures and according to the
following equation: [26]
pe=pr Vit (1-V)) pm (4)

where pe, pr, pm, and V. represent the
density of the composite material, the
density of the reinforcement material, the
density of the matrix material, and the
volume fraction used for the reinforcement
material. The volume fraction is calculated
from the following relationship

Yt o,
Vo= oy (5)

Rz
—TL %+ %
Pr Pm

where W, represents the weight
fraction of the reinforcement material, and
Wn represents the weight fraction of the
matrix material. Recently, researchers have
focused on studying the parameters of the
interaction of photons with various

materials, such as (attenuation coefficient,

transmittance, half-layer thickness, free
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path rate, radiation protection efficiency,
etc.). Due to the frequent use of radioactive
sources in various fields such as the
industrial field, the medical field, and
others. The total attenuation coefficient
(linear or mass) depends on the cross
section of each of the three main reactions
in attenuation.

These cross sections depend on both
the energy of the interacting photons and
the atomic number of the medium with
which they interact, and vary according to
the energy and atomic number, where the
photoelectric attenuation coefficient (uph)
is dominate in low-energy photons and
materials with high atomic numbers.

The attenuation coefficient of the
Compton effect (uco) is dominate in
materials with medium photon energy and
low atomic number, and at high photon
energy and in materials containing a large
number of atoms, the pair production
attenuation coefficient (upp) dominates
[27]. The path length that the gamma rays
beam travels inside the target material
before removing it from the radiation beam,
which is called the Mean Free Path (MFP),

can be found as the following relationship

[24, 28].
1
MFP=—(6)
u
The concept of the half value layer

(HVL) of a material is the thickness

required to reduce the intensity of the rays
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falling on the material to half its value, and
it can be calculated by the following
equation [28, 29].

n2
HVL=nT(7)

The permeability of a material to
rays, or what is called the Transmission
Factor (7)
determined

relationship [24, 25, 30].

in any material, can be

through  the  following

I
T=—=e " (9
Iy

Another parameter can also be
determined in the subject of radiation
shielding, which is Radiation Protection
Efficiency (RPE). That represents an
important parameter to indicate the
efficiency of the shield in protecting against
radiation and can be calculated from the
following equation [31, 32].

RPE = (1-e™™) x 100% (9)

The thickness of Pb needed to
achieve the same effect of shielding against
gamma radiation 1is called the lead
equivalent thickness (dPb) and given as
[33].

Ushield
— (10
Upb (19)

dpp = dshicla %

Where upy, represents the linear
attenuation coefficients of lead and upies
linear attenuation

represents  the

coefficients of shielding material of

thickness dspieia.
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3. Results and Discussion

Experimental measurements of the
change in intensity values of incident
gamma rays and penetrating through shield
samples emitted from a C0-60 source
obtained from a scintillation detector
system for a counting time of 1800 seconds,
and the resulting values of the gamma ray
intensities and the natural logarithm of the
count rate ratios are listed in (table 3).

The percentage of transmittance of
rays can be studied directly from the values
of the intensity of the incident and
transmitted gamma rays using equation (8),
by plotting the values of the percentage of
transmittance (7 %) as a function of the
thickness and type of the shield, as shown
in (figure 3).

From (figure 3) showed that the T%
values at any ray energy are the largest
possible for the GA1 shield, while their
values are the smallest possible for the
GAI1F2 shield and for all corresponding
thickness values. This behaviour is

consistent with the results of previous

studies [34-36].
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Table 3: Values of the gamma ray
intensities (I) and the Ln (I,/]) as a function

of gamma energy  and shield sample

thickness.
E =1.173 MeV E =1.333 MeV
Shield code | X (cm) I (cont/1800s) I (cont/1800s)
Ln (To/Tave. Ln (To/T)ave.
I I Tave. I I Lave.
Non 0 39027 41315 40171 0 37787 35258 36522.5 0
1 37325 36656 36990.5 0.068587 33648 34555 34101.5 0.068587
G 2 33724 34524 34124 0.141107 32427 31005 31716 0.141107
3 33204 32066 32635 0.205772 29138 30322 29730 0.205772
1 38626 37170 37898 0.043452 35037 34902 34969.5 0.043452
GA1 2 34963 36180 35571.5 0.110645 32297 33097 32697 0.110645
3 34327 33101 33714 0.169165 31105 30572 30838.5 0.169165
1 37458 38840 38149 0.042423 35098 34913 35005.5 0.042423
GA2 2 36109 35374 35741.5 0.095785 32904 33469 33186.5 0.095785
3 33916 34480 34198 0.156806 31313 31131 31222 0.156806
1 35824 34924 35374 0.109927 32326 33115 32720.5 0.109927
GAIF1 2 32426 34291 33358.5 0.178187 31772 29351 30561.5 0.178187
3 31025 30523 30774 0.245606 28663 28475 28569 0.245606
1 33651 34088 33869.5 0.159821 30816 31440 31128 0.159821
GAIF2 2 31145 30877 31011 0.233049 29463 28397 28930 0.233049
3 28478 27725 28101.5 0.31452 27261 26072 26666.5 0.31452
1 36413 35961 36187 0.095921 33410 32954 33182 0.095921
GA2F1 2 32824 33935 33379.5 0.143491 32088 31193 31640.5 0.143491
3 31401 32015 31708 0.237362 28509 29102 28805.5 0.237362
1 33924 34742 34333 0.137802 31542 32100 31821 0.137802
GA2F2 2 32328 31224 31776 0.21061 28901 30272 29586.5 0.21061
3 29982 28725 29353.5 0.305319 27425 26401 26913 0.305319
110
] E=1.173 MeV -G
—=—GA1
100 & —&— GA2
] GA1F1
—e— GAIF2
1 —o— GA2F1
90 +
] —A— GA2F2
R
[
80
70 4
60 T T T T T
0 1 2 3
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110
1 E =1.333 MeV —e-c
—=—CcAl
1 —A—CA2
100 ! CAIF1
—e—CAIF2
] —8— CAZF1
90 - —h— CA2F2
< ]
-
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Figure 3: Variation 7 % values as a
function of thickness shield samples (x)
for all shield samples at 1.173 MeV, and

1.333 MeV gamma ray energy.
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Plotting the linear relationship for
the values of Ln (Io/I) as a function of the
thickness of the shield material gives the
values of the linear attenuation coefficients
(LAC) according to equation (2). For this
purpose, that relationship was shown in
(figure 4) at the energies 1.173, and 1.333
MeV.

From the equations of the linear
relationships shown in the figure which
showed a great match with the drawn data
where the R2 values showed a great match,
as their values were within the range
0.9473-0.9995. LAC values can be
obtained for all shield samples studied,
which represent the slope of the
relationship line.

Moreover, (table 4) shows values of
the linear attenuation coefficients (LAC)
calculated from the linear relationships in
(figure 4) and plotted as a function of
gamma ray energy and the type of shield
used in (figure 5). The increment (A%)
between the experimental values and the
Phy-x/PSD and NGCal theoretical values of
LAC were calculated using the following
equation [24].

A% = W expt.—H theo. (11)
W theo.

This parameter shows the increase
achieved in the LAC values in the prepared
shields relative to their values in the
gypsum sample (G). Results of (table 4)

showed that an increase was achieved in the
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LAC values for shields of GA2F1, GA1F1,
GA2F2, and GAI1F2, and the largest
increase recorded was for sample GA1F2,
where it reached 70.5563 % and 61.9942 %
at energies of 1.173 MeV and 1.333 MeV

respectively.

E =1.173 MeV
°

A GA2F2  Y=0.1119x
R*=0.951

oG y =0.0737x
° R*=0.98

Ln (lo/l)ave.
o

® GA2F1 Y =0.0846x
= R?=0.9704

»o

BGAl  y=00591x
2
01 R? = 0.999

® GA2  y=0.0549x
R = 0.9951

0 1 2 3 4
X (cm)

E =1.333 MeV
°

0.4 o6 y =0.0692x
R? = 0.9995

Ln (lo/l)ave.

>0

B GA1
0.1 R® = 0.9909

® GA2

A GA2F2 Y =0.1054x
R = 0.9765

® GA2F1 y=0.0782x
R?=0.9833

y = 0.0552x

y = 0.0503x
R*=0.9913

0 1 2 3 4
X (cm)

Figure 4: Values of Ln (Io/I) as a function
of thickness shield samples (x) for all
shield samples at 1.173 MeV and 1.333
MeV gamma ray energy.

Table 4: Values of LAC and A% as a

function of gamma energy for all shield

sample.
Shield code E =1.173 MeV E =1.333 MeV
LAC (cm™) A% LAC (cm™) A%
G 0.0737 0 0.0692 0
GAl 0.0591 -19.8100 0.0552 -20.2312
GAIF1 0.0927 25.7802 0.0859 24.1330
GAIF2 0.1257 70.5563 0.1121 61.9942
GA2 0.0549 -25.5088 0.0503 -27.3121
GA2F1 0.0846 14.7897 0.0782 13.0058
GA2F2 0.1119 51.8318 0.1054 52.3121
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Figure 5: Variation of LAC and MAC as a
function of gamma ray energy for all
shield samples.

Variation of the experimental and
theoretical LAC and mass attenuation
coefficients (MAC) values are displayed in
(figure 5). Calculation using equation (3)
for experimental shield samples densities as
well as the theoretical values for the
calculations of the Phy-x/PSD platform and
NGCal program as a function of gamma
rays and for all shield samples. From
(figure 4) Values of the LAC and MAC
decrease with increasing gamma ray energy
for all prepared shield samples.

The reason for this is that increasing
energy reduces the probability of the

occurrence of the photoelectric effect
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interaction, which prevails at low energies.
As Compton scattering interaction effect
begins to appear in the medium energies
range and then values of these coefficients
begin to decrease in a less steep manner
after energy 1.173 MeV due to the
appearance of the interaction contribution
of pair production occurs at energies greater
than 1.22 MeV [37].

This is consistent with the results of
previous studies where experimental and
theoretical values showed a great match for
LAC, and MAC [37, 38]. Study variations
of MFP and HVL values for the prepared
samples, equations (6) and (7) were used.
The experimental, and theoretical results
were plotted as a function of shield type and
gamma ray energy in (figure 6).

From (figure 6) MFP increases with
increasing gamma ray energy for all shield
samples, and values of this parameter are
largest possible for the GA2 sample and the
smallest possible for the GA1F2 sample.
For values of studied energies, we found
that values of the parameter increased from
13.5685 cm to 14.4509 cm for the G
sample.

Moreover, from 7.9555 cm to
8.9206 cm for the GA1F2 sample when
gamma ray’s energies values change from
1.173 MeV to 1.333 MeV. It is also noted
that, HVL values increase with the increase
in gamma ray energy for all prepared shield

samples. That behaviour of change in the
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HVL values is like the behaviour of the
MFP values with the gamma ray energy. As
opposite to the behaviour of x also due to
the inverse relationship between them. The
behaviour is consistent with previous
studies based on the calculation results [39,
40].

Also, HVL values increased from
9.4049 cm to 10.01658 cm for the G
sample, as well as from 5.5143 cm to
6.1833 cm for GA1F2 sample when the
gamma ray’s energies values changed from
1.173 MeV to 1.333 MeV, respectively.
GAI1F2 sample achieved the best results
among the prepared samples for both
energies. In addition, the experimental
values of MFP and HVL achieved a close
match with theoretical values [40-42].
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Figure 6: Variation of MFP and HVL as a
function of gamma ray energy for all
shield samples.
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An adequate description to the
efficiency of prepared shield samples for
radiation wuses the radiation protection
efficiency (RPE) parameter. This parameter
was studied using equation (9).

The experimentally and
theoretically percentages of the radiation
protection efficiency (RPE %) values at 1
cm sample thickness for all the prepared
shield samples were plotted as a function of
gamma ray’s energies in (figure 7).

From (figure 7) RPE % values at
any of the two gamma rays energies are
smallest possible for the GA1 shield, while
their values are the largest possible for the
GAI1F2 shield and for all corresponding
thickness values.

The highest values of RPE % were
achieved at 3 cm thickness for the induced
sample GAIF2 where its values were
31.4153 % and 28.5591 % at energies 1.173
MeV and 1.333 MeV correspondingly.
shield thickness

this

Increasing improves

significantly, and behaviour is
consistent with the results of previous

studies [34, 36].
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Figure 7: Variation RPE % values as a

function of thickness shield samples (x)

for all shield sample at 1.173 MeV and
1.333 MeV gamma ray energy.

Lead equivalent thickness (dPb)
that represent the thickness of Pb needed to
achieve the same effect of shielding against
gamma radiation was calculated by
equation (10). However, (figure 8) shows
changes in lead equivalent thickness values
for prepared shield samples, by variation
type and thickness of shield for each of the
gamma ray energies studied. The last figure
shows that the dPb in the gypsum sample
began to increase and improve in samples
of GA2F2, and GA1F2, separately.

This parameter achieved the best

value using sample GAI1F2 and for both

gamma ray energies.
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Figure 8. Values of dPb as a function
shield sample type.

4. Conclusion

Studying the preparation of
radiation shields from available, low-cost
materials, and industrial waste is very
important for achieving sustainable
development and waste recycling. Results
of the radiation tests conducted
experimentally and theoretically in the
current study showed that the radiation
attenuation properties of gypsum can be
improved by adding wood ash and iron
waste. Values of radiation attenuation

parameters improved by increasing
ash

The

reinforcement of gypsum-wood
samples with micro-Fe particles.
radiation attenuation properties improved
greatly in the GA1F2 and GA2F2 shields,
and values of RPE %, and dPb were the
highest possible. Values of MFP, HVL, and
T % were lowest possible using GA1F2
shield sample. The results of the study also
showed that as

gamma ray energy

GA2F2
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increases, the values of LAC, MAC, and
RPE % decrease while the values of MFP,
HVL, and dPb increase. In addition,
increasing the thickness of the shield
material, led to a decrease in T % values and
an increase in RPE 9% wvalues. Finally,
shields of GA1F2, and GA2F2 can be
considered as suitable shields for use in

some suitable radiation applications.
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