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Gamma-ray detection and studying its interactions with matter is very important and serves
in many fields of research. Besides, investigation of new shielding materials against
gamma-ray will provide a lot of solutions for several problems accompanied by the presence of
radiation sources in wide areas of applications, such as industry, medicine, agriculture, re-
search laboratories, and nuclear power plants. In the present work, different gamma-ray at-
tenuation parameters will be calculated theoretically using different metal chlorides mixed
with epoxy resin polymers at different weight ratios. These attenuation parameters were cal-
culated in a wide energy range started from 0.05 up to 3 MeV. This wide energy range covers
almost the most known radionuclide gamma-ray energies. The obtained results were com-
pared with pure epoxy resin polymer to show how well the modification of polymer proper-
ties was when mixed with other materials. Also, all mixture's attenuation parameters results
were compared with lead metal results to check its validity as a gamma-ray shielding material.
The obtained results found to be promising and the presented materials can be used instead of

lead metal as an effective material in radiation protection

Key words. epoxy resin polymer, metal chlorides, gamma-ray detection, mass attenuation coefficient,

radiation protection

INTRODUCTION

Gamma-rays are used in many wide fields like
nuclear power plants, industry, medical applications,
and agriculture. The need to study the effect of
gamma-ray interactions with the matter has increased.
The interaction process mainly depends upon the en-
ergy, the intensity of incident radiation, and the type of
absorbing material. The study of the absorption of
gamma-rays in shielding materials is particularly im-
portant for various radiation fields. The correct values
of photon absorption coefficients in radiation shield-
ing materials provide useful data in radiation protec-
tion, medicine, and radiation dosimetry fields. The
mass attenuation coefficient, u,,, is considered to be
the basic quantity of measuring the probability of in-
teraction in the photons and material [1].

Berger and Hubbell [2, 3] developed a computer
program (XCOM) for calculating mass attenuation co-
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efficients for elements, compounds, and mixtures for
photon energies from 1 keV to 100 GeV. From the mass
attenuation coefficient, several related parameters and
coefficients can be derived, such as the total atomic
cross-section, effective molecular cross-section, elec-
tronic cross-section, effective atomic number, effective
electron density, relaxation length, half-value thick-
ness, and the tenth-value layer. Several authors [4-14]
studied these parameters and the coefficients for differ-
ent elements, materials, compounds, and mixtures. The
protection from the gamma-ray radiation and its haz-
ards is a necessary issue. Unavailability, hazards, and
cost are the main constraints for finding a suitable
gamma shield material. To overcome these drawbacks,
one needs to test different shielding materials, that can
be used at large energy scale, which can be available at
low-cost and nonpoisonous in nature. Therefore, the at-
tempts were made to test the efficiency of some poly-
mer materials [7]. The studying of the attenuation pa-
rameters of polymers as a gamma-ray shielding
material has been raised.
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In the present work, the mass attenuation coeffi-
cients of four metal chlorides (BiCl;, CdCl,, CsCl, and
PbCl,) mixed with epoxy resin polymer C,,H,sCIO; at
three different weight fraction ratios (5 %, 25 %, and
45 %). Basaed on the mass attenuation coefficients, all
the following parameters total atomic cross-section, ef-
fective molecular cross-section, electronic cross-sec-
tion, effective atomic number, effective electron den-
sity, relaxation length, half-value thickness, and the
tenth-value layer will be calculated at different photon
energy from 0.05 up to 3 MeV. Also, all these attenua-
tion parameters were calculated for lead metal in the
same energy range. The mixtures' attenuation parame-
ters results were compared with lead metal results to
check how well the epoxy resin polymer shielding
properties modified and can be useful.

THEORETICAL BACKGROUND

Linear attenuation coefficient

The linear attenuation coefficient, 4, is the prob-
ability of gamma-ray interaction with a material per
unit path length [15]. According to Lambert-Beer law
when a beam of gamma photons incident on the matter,
it will attenuate as the following equation

I=I,e™ (1)
where 7 and [ are the transmitted and incident photon
intensities, respectively, ¢ [cm '] — the linear attenua-

tion coefficient of the material, while ¢ [cm] — the thick-
ness of the absorber.

Mass attenuation coefficient

The mass attenuation coefficient, 1, is a basic
quantity that measures the average number of interac-
tions between incident photons and matter that are
used in calculations of the penetration and the energy
deposition by photons (X-ray, gamma-ray, and brems-
strahlung) [16] and those of the chosen samples have
been measured [11] using the following equation

i =E =Yw (i) )
o

where p is the density of the material and w; — the
weight fraction of the constituent 7 given [11] as fol-
lows

A
wy = (3)
2n;A4;

i

where 4; is the atomic weight of element 7 in the sample
and n;—the number of formula units in the compounds.

Total atomic cross-section

The total photon interaction cross-section, o,
can be written as the sum over contributions from the
principal photon interactions as the following [17]

G:o-pho *+Cincoh T Ocoh +O 0 i +Gph.n (4)

pair
where oy, is the atomic photoelectric absorption
cross-section which observed in the energy region be-
low 0.01 MeV. At the intermediate energy region,
0.05 MeV <E <5 MeV, Ojneon compton scattering (in-
coherent) is dominant. The o, and oy are pair pro-
duction that occurred in the high-energy region, above
1.02 MeV. The oy is the photonuclear scattering
cross-section. In this expression, coherent scattering
has been omitted because of the negligible energy
transfer associated with it.

The total atomic cross-section, o, can be ob-
tained by dividing the mass attenuation coefficient of
the compound by the total number of atoms present in
one gram of that compound [4] as the following

o - Hm (5)

atom NA Z(MJ

A.

1

1

where NV, is the Avogadro constan, w; — the fraction by
weight of the element 7, and 4; — the atomic weight of
the i " element.

Effective molecular
cross-section

The effective molecular cross-section, o, 1S

determined from the following equation using the val-
ues of the mass attenuation coefficient [17] of 1,

u
O mol :ﬁzi:ni/li (6)

Electronic cross-section

Similarly, the electronic cross-section, o, [17]
is given by
1 n;A;
O elec :EZI: Z,— (/lm )i (7)

where f; is the fractional abundance of /™ constituent
element and it can be given as the following

& )

=5

Effective atomic number

Effective atomic number, Z g, is important for
the determination of a substitute material for an ele-
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ment associated with the required energy. The effec-
tive atomic number [17, 18] is equal to the ratio of the
atomic and electronic cross-sections

o
Zg =0 (€))

Oelec

Effective electron density

Effective electron density, N.g, is related to the

effective atomic number and is given in the number of
electrons per unit mass [4] by the next equation

N
N o =[<Af‘>]zeff (10)

where <A> is the average atomic mass of the material.

Table 1. The details of four metal chloride with epoxy resin

Relaxation length

Relaxation length or mean free path, 4, is the av-
erage distance between two successive interactions of
photons in which the intensity of the incident photon
beam [9, 19] is reduced by the factor 1/e

A= 1 a1
7

Half-value thickness and
tenth-value layer

Half-value thickness (HVT) and tenth-value
layer (TVL) are defined as the thickness or layer of a
shield or absorber that lessens the intensity of radia-
tion by a factor of one-half and one-tenth of the initial
intensity respectively [19]. For doing rapid, approxi-

as mixtures

. . Weight ratio
Mixture details 5% 25 % 45 %
H 0.06093 0.04810 0.03528
. ) C 0.60991 0.48150 0.35310
Constituent weight 0 0.19344 0.15271 0.11199
action
Bi 0.03314 0.16568 0.29822
BiCls Cl 0.10259 0.15200 0.20141
Molar mass [gmol™'] 388.107 370.126 353.737
<4> 11.942 28.471 43.537
Z-average 5.475 11.375 17.275
Density [gem ] 1.241 1.470 1.802
H 0.06093 0.04810 0.03528
. . C 0.60991 0.48150 0.35310
Constituent weight 0 0.19344 0.15271 0.11199
raction
Cd 0.03066 0.15330 0.27594
CdCl, Cl 0.10507 0.16438 0.22369
Molar mass [gmol '] 371.637 305.554 259.424
<4> 12.983 29.870 41.658
Z-average 5.167 9.833 14.500
Density [gcm’3] 1.239 1.451 1.750
H 0.06093 0.04810 0.03528
) ) C 0.60991 0.48150 0.35310
Constituent weight 0 0.19344 0.15271 0.11199
raction
Cs 0.03947 0.19736 0.35524
CsCl Cl 0.09623 0.12032 0.14439
Molar mass [gmol '] 368.320 294.645 245.532
<4> 15.9370 41.080 57.842
Z-average 5.6 12 18.4
Density [gem ] 1.238 1.449 1.745
H 0.06093 0.04810 0.03528
) ) C 0.60991 0.48150 0.35310
Constltuent weight 0 0.19344 0.15271 0.11199
action
Pb 0.03725 0.18626 0.33527
PbCl, Cl 0.09847 0.13142 0.16436
Molar mass [gmol’l] 384.936 356.135 331.344
<4> 13.448 34814 53.206
Z-average 5.733 12.667 19.600
Density [gem ] 1.245 1.492 1.862
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mate shielding calculations HVL and TVL are impor-
tant parameters [20] and they are given as

In2

HVT =22 (12)
u

Typ =10 (13)
MATERIALS AND METHOD

Four metal chlorides were used in the present
work; these metal chlorides are BiCl;, CdCl,, CsCl,
and PbCl,. Each metal chloride was mixed with epoxy
resin polymer (C,;H,5ClOs) in three different weight
ratios (5 %, 25 %, and 45 %). The NIST-XCOM pho-
ton cross-section database has been used to calculate
the mass attenuation coefficients y,, [cm?g!] for all
mixtures under study. Besides, the weight fraction for
each constituent in each mixture was calculated using
the XCOM database. The mass attenuation coefficient
was calculated in a wide energy range started from
0.05 to 3 MeV. This wide energy range covers all
known radionuclide gamma-ray energies. Moreover,
the linear and mass attenuation coefficients i [cm™]
were determined. In addition to the total attenuation
cross-section, atomic  cross-section, electronic
cross-section, effective atomic number, effective elec-
tron densities, HVL, TVL, and the relaxation length,
A, have been determined based on egs. (5)-(13). All at-
tenuation parameters were calculated for Pb metal and
pure epoxy resin polymer.

RESULTS AND DISCUSSION

The weight fraction for each constituent in the
mixture was obtained from the XCOM database and
tabulated in tab. 1. Each mixture molar mass, average
molar mass, the average atomic number, and the mix-
ture density were calculated and were presented in tab.
1. The pure epoxy resin polymer, and lead metal prop-
erties and details are listed in tab. 2. The linear attenua-

It is clearly noticeable that as the energy increases the
linear attenuation coefficient value will be decreased.
In addition, the linear attenuation coefficient for the
four mixtures BiCl;, CdCI2, CsCl, and PbCl, at the
three different weight ratios under the energy range of
the study are tabulated in tab. 4.

The total atomic cross-section for each metal
chloride mixture was calculated and plotted in fig. 1. It
was then compared with pure epoxy resin polymer and
lead metal. The total atomic cross-section values de-
creased as the photon energy increased. It was also
found that as the concentration of metal chloride in-
creases the total atomic cross-section values will in-
crease. Tables 5 and 6 were represented the calculated
values of the effective molecular cross-section, o,
and the electronic cross-section, o, for the four
metal chloride mixtures at the three different weight
ratios. In addition, the electron density, NV, electrons/g
for all mixtures are tabulated in tab. 7.

The variation of the effective atomic, Zg, with
energy for all the mixtures understudy, was calculated
and presented as shown in fig. 2, and it was compared
with, Z.g, values for pure epoxy resin polymer and
lead metal. From fig. 2, it is clear to notice that, as the
concentration of metal chloride increase the Z g, val-
ues will be increased and will be shifted toward the
lead metal values.

The values of HVT, TVL, and the relaxation
length, A, were calculated for all the mixtures and plot-
ted as presented in figs. 3-5. Also, it was compared
with pure epoxy resin polymer and the lead metal. It
was found that the three parameters HVT, TVL, and A4
were decreased as the metal chloride-mixing ratio in
the mixture increased. Also, it was noticed that as the
energy was decreased as the values of these parame-
ters would be decreased. The equivalent thickness, Xegs
of pure epoxy resin polymer to 0.1 cm lead metal
shielding layer was calculated at different energies de-
pending on eq. (14) and tabulated in tab. 8. The epoxy
resin equivalent thickness found to be at low energies
more than 31 cm and around 1 cm in the high energy
region

tion coefficient, iz, of pure epoxy resin, and lead metal . _ (px)py, (14)
at the energy range under study are tabulated in tab. 3. eq(sample) Hamte
Table 2. Pure epoxy resin and lead metal details
Material Value
H 0.06414
. . . C 0.64201
Constituent weight fraction o 020362
Epoxy resin (Cy;HpsClOs) - c 0.09024
Molar mass [gmol '] 392.879
<4> 7.555
Z-average 4
Density [gem ] 1.195
Molar mass [gmol '] 207.2
Lead (Pb) Atomic number, Z 82
Density [gem ] 11.34
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Table 3. Pure epoxy resin, lead metal linear attenuation coefficient, 1, total electronic cross-section, o, and total molecular
cross-section, o,

. . . Total electronic Total molecular
Linear attenuation coefficient, u . .
Energy [MeV] Cross-section, Gjec Cross-section, G|

Epoxy resin Pb Epoxy resin Pb Epoxy resin Pb
0.05 2.677-107! 8.377-10" 6.016:10% 3.234:-10°% 1.462:10°% 2.542:10°%
0.10 1.920-107! 6.051-10" 4.948-107% 2316103 1.048:107% 1.836:107
0.15 1.698:100™" 2.166-10" 44361075 8.287-107% 9.268-107% 6.572:107%
0.20 1.550-107" 1.061-10" 4.062:107% 4.066-107 8.461:107% 3.220-107%
0.40 1.206-107" 2.436-10"° 3.167-10°% 9.281-107% 6.586-107% 7.390-107%
0.60 1.019-107" 1.323-10"° 2.676:107% 5.010-107% 5.565-107% 4.015-107%
0.80 8.955-1072 9.535-107! 23511075 3.592:107% 4.889-107% 2.893-107%
1.00 8.053-1072 7.715-107! 2.114-107% 2.898:107% 43961073 2.341-107%
1.50 6.558:1072 5.770-107" 1.720-107% 2.159-107% 3.580-107% 1.751-107%
2.00 5.631-107 5.137-107" 1.473:107% 1.922:107% 3.074-107% 1.559-107%
2.50 4.993-107> 4.882-107" 1.301-107% 1.823:107% 2.726:107% 1.481-107%
3.00 4525107 4763107 1.174-107% 1.781-107% 2.470-107% 1.445-107%

Table 4. Linear attenuation coefficient, ., for the four metal chloride mixtures at the three different weight ratios

Linear attenuation coefficient, u

Energy [MeV] BiCl; CdCl,
5% 25 % 45 % 5% 25 % 45 %
0.05 5.935-107" 2.196-10"° 4.522-10"° 6.373-107" 2.432-10" 4.967-10"°
0.10 4205107 1.545-10"° 3.176:10" 2.478-107" 5.188-10" 9.017-1%!
0.15 2.517-107" 6.548-10" 1.240-10"° 1.900-10°" 2.883-10" 4272-107"
0.20 1.954-107! 3.941-107" 6.824:107! 1.660-107! 2.197-107" 2.956-107"
0.40 1.301-107" 1.766-107! 2.440-107" 1.250-107" 1.462-107" 1.762-107"
0.60 1.071-107" 1.327-107" 1.698:107" 1.052-107" 1.209-107" 1.430-107"
0.80 9.333-107 1.119-107 1.388-107! 9.227-107 1.055-107"! 1.242-107!
1.00 8.360-107° 9.869-1072 1.206:107! 8.293-1072 9.457-107> 1.110-107"
1.50 6.788:107° 7.921-107 9.566-107* 6.752:107° 7.697-1072 9.032:107*
2.00 5.836-1072 6.846-1072 8.313-107 5.804-107 6.647-1072 7.837-1072
2.50 5.188:1072 6.147-1072 7.539-107> 5.155-107 5.945-1072 7.061-1072
3.00 4715107 5.652:107° 7.013-107* 4.681-107 5.442-107 6.516:107°
Linear attenuation coefficient, 1
Energy [MeV] CsCl PbCl,
5% 25 % 45 % 5% 25 % 45 %
0.05 9.085-10" 4.016-10" 8.394-10" 6.165-10"" 2.358-10" 4.964-10"°
0.10 2.898-107" 7.639-10" 1.432-10"° 4.403-10" 1.680-10"° 3.534-10"°
0.15 2.034-107" 3.662-107" 5.957-107" 2.587-107! 7.028-107! 1.367-10"°
0.20 1.718-10™" 2.535-107" 3.687-10" 1.987-107! 4.167-107! 7.429-10"!
0.40 1.257-107 1.501-107" 1.846-107" 1.308:107" 1.814:107" 2.570-10™"
0.60 1.053-107" 1.215-107" 1.444-107! 1.075-107" 1.352:107" 1.767-107"
0.80 9.226-107* 1.054:107" 1.238:107! 9.358:107° 1.137-107" 1.437-107!
1.00 8.287-107° 9.419-107° 1.102:107" 8.380-10° 1.001-107" 1.245-107"
1.50 6.744-1072 7.650-1072 8.927-1072 6.803-1072 8.027-1072 9.859-1072
2.00 5.799-107 6.617-1072 7.768:107 5.849-107 6.941-1072 8.575-107
2.50 5.153-107° 5.933-107° 7.032:107* 5.201-107° 6.240-107 7.796-107*

3.00 4.682-107 5.447-10-2 6.525-1072 4728107 5.744-107 7.263-1072




C. V. More, et al.: Extensive Theoretical Study of Gamma-Ray Shielding ...
Nuclear Technology & Radiation Protection: Year 2020, Vol. 35, No. 2, pp. 138-149

143

Photon energy [MeV]

e _20
107 r r r r r . 10
. —=— Epoxi resin € . —=— Epoxi resin
§ o1 * o Pb I * 5
© 10" 9 ‘ 4 5%BICl, 1 2‘ 10 4 ¥ —a— 5% CdCl,
5 \ v 25% BiCl 2 L ¥ 25 % CdCl,
° Qo
H . +— 45% BICl, H N +- 45% CdCl,
A & 1572 ]
§ 10 ". " @ ¥ .
2 ' S
. % : -
E -
=] =
€ 0¥ A" F 1074 4
g \K ]
S S
107 4 107 4
1072 T T T T T T T 107 T T T T T T T
0.0 05 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 20 25 3.0
Photon energy [MeV] Photon energy [MeV]
20
10 -20
§ 10
o . —a— Epoxi resin E . —s— Epoxi resin
5 10 ! i S b e Pb
3 1 ) 4— 5% CsCi 1 g 1071 9 4 5%PbCl,
3 % s | 9 v 25%PbCl,
- v * " 3 1Y +- 45% PbCl,
5
o 1075 b\ E g 10721 W
E S
2 * Q
e i E
o3 S
g 7 3 o 10°°1
= =
w ks
24 EQJ
107 1 1 101
10’25 T T T T T T T 10725 T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 0.0 05 10 15 20 25 30

Photon energy [MeV]

Figure 1. Variation of the total atomic cross-section for the four metal chloride mixtures, pure epoxy resin polymer and
lead metal with photon energy

Table 5. Effective molecular cross-section 6y, for the four metal chloride mixtures at the three different weight ratios

Effective molecular cross-section, o
Energy [MeV] BiCly CdCl,
5% 25 % 45 % 5% 25 % 45 %
0.05 3.081-10% 9.182:107% 1.474-10-*"' 3.175:10% 8.505-10% 1.223-107%
0.10 2183107 6458107 1.035-107%' 1.235-102 1.815-10 2.219-102
0.15 1.307-107% 2.738:107% 4.042-102 9.466-10% 1.008-10 1.051-10%
0.20 1.014-10% 1.647-10% 2225102 8.273-10% 7.685-10% 7.276:10%
0.40 6.753-10% 7.381:107% 7.954:107% 6.228:107% 5.114:10% 4336-10
0.60 5.561-10% 5.548:107% 5.537-107% 5.239-10% 4227107 3.521-107%
0.80 4.845-107% 4.678-107% 4.526-107% 4.597-107% 3.689-107% 3.056:10%
1.00 4.340-10% 412610 3.931-10% 4.132-10% 3308107 27331072
1.50 3.524-107% 3.312:107% 3.119-10% 3.364:10% 2.692:107% 22231077
2.00 3.030-10% 2.862:107% 2.710-107% 2.892:107% 2325107 1.929-107%
2.50 2.693-107% 2.570-107% 2458107 2.568-107% 2.079-107% 1.738-107%
3.00 244810 2363107 2.286-10% 2.332:10% 1.903-10% 1.604-10%
Effective molecular cross-section, oy
Energy [MeV] CsCl PbCl,
5% 25% 45 % 5% 25 % 45 %
0.05 44871072 1.356-107%! 1.961-107% 3.167-107% 9.349-107% 1.467-107%
0.10 1.431-10% 2580107 3.346:107% 2261107 6.660-107 1.045-107%
0.15 1.004-107% 1.237-10% 1.392-107% 1.329-107% 2.786:107% 4.041-10%
0.20 8.487-107% 8.563-107% 8.614-107% 1.020-107% 1.652:107% 2.196:107%
0.40 6.207-10% 5.071-10% 4313-107% 6.717-10% 7.190-107% 7.597-10%
0.60 5.200-10 % 4105102 3375102 5.521-10% 5.360-10 % 5.222-10%
0.80 4.556-10% 3.559:10% 2.893-10% 4.806-10% 4.506-10% 4.247-10°%
1.00 4.093-10% 3.181-107% 2.574-107% 4304107 3.968:107% 3.680-10%
1.50 3.331-10% 2.584-107% 2.086-107% 3.494-107 3.182:107% 2.914-107%
2.00 2.864:107% 2235107 1.815-107% 3.004:10% 2.752:107% 2.534:10%
2.50 2.545-107% 2.004-107% 1.643-107% 2.671:107% 24741073 2.304-107%
3.00 2313107 1.840-107% 1.525-107% 2428107 2.277-107% 2.147-107%
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Table 6. Electronic cross-section .., for the four metal chloride mixtures at the three different weight ratios

Electronic cross-section, Gejec
Energy [MeV] BiCly CdClL
5% 25% 45 % 5% 25 % 45 %
0.05 1.153-10% 3.231-10% 5.124-10% 1.921-10% 6.025-10% 8.890-10**
0.10 8.490-107% 2.184-107% 3.400-107%* 6.758:107% 1.239-107% 1.632:107%
0.1 5.655-107% 1.025-107% 1.444-107% 4.986-107% 6.698:107% 7.893-107%
0.20 4.629-107% 6.766:107% 8.714-107% 4298107 5.032:10% 5.545-107%
0.40 3.261:107% 3.615:10% 3.938:10% 3.200-10% 3.301-10% 3.371-10%
0.60 2.711:10% 2.846:10% 2.969-10% 2.687-10% 2.723:10°% 2.748:10°%
0.80 2.370-107% 2.441-10°% 2.506:-107% 2.357-107% 2375107 2.388:107%
1.00 2.126:107% 2.171-107% 2.212:107% 2.117-10% 2.129-107% 2.136:107%
1.50 1.727-107% 1.753:107% 1.777-107% 1.723:107% 1.732:107% 1.739:107%
2.00 1.481-10% 1.511:10% 1.538:107% 1.479:-10% 1.497-10% 1.510-10%
2.50 1.311-10% 1.349-107% 1.384:107% 1.311-10% 1.341-107% 1.362:107%
3.00 1.186:107% 1.233:107% 1.275-107% 1.187-107% 1.228:-107% 1.257-107%
Electronic cross-section, Ogjec
Energy [MeV] CsCl PbCl,
5% 25 % 45 % 5% 25 % 45 %
0.05 3.507-10°% 1.222:107% 1.803-107% 1.368:107 4.145-107% 6.535-10%
0.10 9.172:107% 2.185-107% 3.029-107% 1.007-107% 2.862:107% 4.460-107
0.15 5.759-10% 9.727-107% 1.237-107% 6.200-107% 1.259-107% 1.810-107%
0.20 4.641-10% 6.377-10% 7.535-10% 4.881-10% 7.849-10% 1.040-10%
0.40 3.251-10% 3.503-10% 3.671:10% 3.302:10% 3.793:10°% 42151075
0.60 2.706:107% 2.796:107% 2.856:107% 2.727-107% 2.913-107% 3.073-10°%
0.80 2.366:107% 24131075 2.444-107% 2.378:-107% 24771075 2.562:107%
1.00 2.123:107% 2.153:107% 2.172:107% 2.131-107% 2.193-107% 2.246:107%
1.50 1.727-10°% 1.747-10°% 1.760-10% 1.730-10% 1.766:10% 1.796:10 %
2.00 1.483-107% 1.515-107% 1.535-10% 1.484-10% 1.524:10% 1.558-107%
2.50 1.317-10°% 1.364:107% 1.395-10% 1.315:10% 1.365:10% 1.408-107%
3.00 1.195-107% 1.257-107% 1.299-107% 1.190-107% 1.251-107% 1.303-107%

Table 7. The effective electron number or electron density, /V,;, electron per gram for the four metal chloride mixtures at
the three different weight ratios

Electron density Ng [g7']
Energy [MeV] BiCly CdCl,
5% 25 % 45 % 5% 25 % 45 %
0.05 4.146-10+23 4.624-10+23 4.898-10+23 2.678-10+23 2.782-10+23 3.192-10+23
0.10 3.990-10"% 4.812:10% 5.184:10"% 2.961-10"% 2.886:10"% 3.156:10"%
0.15 3.585:10"% 4346103 4.767-10"% 3.076:10"% 2.967-10"% 3.093-10"%
0.20 3.399:10"% 3.962:10% 434610 3.119-10"% 3.010-10"% 3.046:10%
0.40 3.213-10"% 3.322:10% 3.439-10"% 3.154:10"% 3.054:10% 2.986:10"%
0.60 3.183-107% 3.172:-10°3 3.175-10"% 3.159:10"% 3.060:10% 2.975:10"%
0.80 3.172:10"% 3.118:10"% 3.074:10"% 3.161:10"% 3.062:10"% 2.971-10"%
1.00 3.168:10"% 3.093-10"% 3.026:10"% 3.162:10"% 3.063-10"% 2.969:10"%
1.50 3.166:10"% 3.074:10% 2.988:10"% 3.164:10"% 3.063-10"% 2.968:10"%
2.00 3.174:10°% 3.083-10"% 3.000-107% 3.168:10°% 3.061:10% 2.966:10"%
2.50 3.186:10™% 3.099:10% 3.024:10"% 3.175:10"% 3.057-10"% 2.963:10"%
3.00 3.202:10"% 3.119-10"* 3.053-10"% 3.184:10"% 3.054:10"% 2.961:10"%
Electron density Ng [g7']
Energy [MeV] CsCl PbCl,
5% 25 % 45 % 5% 25 % 45 %
0.05 2.092:10"% 2.268:10"% 2.667:10"% 3.623:10"% 3.814:10"% 4.080-10"%
0.10 2.551-10"% 2.414:10"% 2.709-10"% 3.515:10"% 3.934-10"% 4.257-10"%
0.15 2.851-10"% 2.599-10"% 2.760-10"% 3.353:10"% 3.741-10"% 4.058:10"%
0.20 2.990-10"% 2.744:10"% 2.804:10"% 3.270-10"% 3.559:10% 3.836:10"%
0.40 3.122:10"% 2.958:10"% 2.881:10"% 3.182:10% 3.205-10"% 3.275-10'%
0.60 3.142:10"% 3.001-10"% 2.898:10"% 3.167-10"% 3.111-10" 3.088:10"%
0.80 3.148:10"% 3.014-107 2.904-10% 3.162:10"% 3.076:10"% 3.014:10"%
1.00 3.151-10"% 3.021:10"% 2.907-10"% 3.160:10"% 3.060-10"% 2.977-10"%
1.50 3.154:10"% 3.023-10% 2.907-10"% 3.152:10"% 3.048:10% 2.948:10"%
2.00 3.157-10"% 3.016:10"% 2.900-10"% 3.162:10"% 3.054:10% 2.957-10"%
2.50 3.160-10"% 3.004:10% 2.889:10"% 3.178:10"% 3.065:10"% 2.974:10"%
3.00 3.165:107% 2.991-10°3 2.879:10"% 3.197-10"% 3.078:10"% 2.995:10"%
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Figure 2. Variation of the effective atomic number, Z.g, for the four metal chloride mixtures, pure epoxy resin polymer,
and lead metal with photon energy
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Figure 3. Variation of the HVT for the four metal chloride mixtures, pure epoxy resin polymer, and lead metal with photon
energy
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Table 8. The equivalent thickness of pure epoxy resin

polymer to 0.1 cm lead metal at different photon energies
Energy [MeV] Equivalent thickness [cm]
0.05 31.29
0.10 31.51
0.15 12.76
0.20 6.85
0.40 2.02
0.60 1.30
0.80 1.06
1.00 0.96
1.50 0.88
2.00 0.91
2.50 0.98
3.00 1.05

The effect of doping the epoxy resin polymer
with the different metal chlorides at different amounts
raises the shielding properties of epoxy resin polymer
against gamma-ray radiation. Table 9 and 10 contain
the equivalent thickness for BiCl;, CdCl,, CsCl, and
PbCl, mixtures to 0.1 cm lead metal at different photon
energies, in addition to the modification percentage
for pure epoxy resin polymer as presented, and it was
calculated depending on eq. (15). It is noticed that by
adding 5 % of metal chlorides only to the epoxy resin
polymer the equivalent thickness shielding properties
raised to more than 54 % with respect to pure polymer.
The efficiency of doping is raised as a metal chloride
ratio increased the modification percentage of pure
polymer raised to more than 94 % in the low energy re-
gion and around 30 % in the high energy region.

Modification percentage =

_ xeq(pure epoxy resin) _xeq (mixture) 100 % (1 5)
= . 0

xeq (pure epoxy resin)

CONCLUSIONS

The results show that the epoxy resin polymers
have abig chance to be used as radiation shielding ma-
terials, especially if it mixed with different metal chlo-
rides. Epoxy resin polymers have many characteristics
such as enhanced strength, well flexural control, ex-
cellent resistance to wear, peeling, cracking, corro-
sion, moisture, and to chemical and environmental
dreadful conditions. The total atomic cross-section,
the effective molecular cross-section, the electronic
cross-section, the effective atomic number, the effec-
tive electron density, the relaxation length, half-value
thickness and the tenth-value layer as a function of
photon energy from 0.05 up to 3 MeV for four metal
chlorides (BiCl;, CdCl,, CsCl, and PbCl,) mixed with
epoxy resin polymer C, H,sClO; at three different
weight fraction ratios (5 %, 25 %, and 45 %) lie be-
tween pure epoxy resin polymer and lead metal. While
the metal chloride ratio increased inside the epoxy

resin polymers, these parameters going to be more
closed to the lead metal. As a result of doping the ep-
oxy resin polymer by different metal chlorides with
different amounts, the shielding properties of epoxy
resin polymer against y-ray radiation were going
higher. Especially, change the equivalent thickness for
BiCl;, CdCl,, CsCl, and PbCl, mixtures to 0.1 cm lead
metal at different photon energies.
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1.00 0.93 2.82 % 0.82 14.50 % 0.70 26.89 %
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Yauramm B. MOPE, [Ipasuna I1. TIABAP, Moxameny C. BAJJABU, Ady3ang A. TABET

OIICEXKHA TEOPUJCKA CTYIMUJA IMAPAMETAPA 3AUNTUTE OO I'AMA 3PAYEBA
INPUMEHOM CMEIIA EINNIOKCHUIHE CMOIJIE N XJIOPUJA METAIJIA

Jlerekmuja rama 3padera U M3ydaBame MHTEpaKIMje raMa 3pauermha ca MaTepujajinMa uMma
BEIMKY BasKHOCT 1 IPUMEYje ce y MHOTUM 00JIacTIMa HCTpaxkuBamba. [lopey Tora, ncTpaskuBame HOBIUX
MaTepujaia 3a 3alITUTy Off TaMa 3pavucka Jlaje MHOra pelliekha 3a BUIIE MpobiieMa KOju Ce jaBibajy y
IPUMEHN PAANOAKTUBHUX M3BOPA Yy PA3IMUUTUM OOJIACTHMa Kao IITO Cy MHAYCTPHUja, MEAUNUHA, TOJBO-
IpHUBpeia, NCTpaXkuBavKe JabopaTopuje U HyKJIeapHe eJeKTpaHe. Y OBOM pajay, pa3induTh TapaMeTpu
crnabJpera raMa 3paueia 6mhe m3padyHaTH TEOpeTcKu Kopuctehn pasnmmunTe xiopuue MeTana IoMe-
[IaHe ca MOJIMMEPUMa SIIOKCHTHE CMOJIE IPH PA3InIUTAM OHOCHMA TexknHa. OBH MapaMeTpH clabiberba
M3pavyHaTH Ccy 3a mupoku omncer enepruja of 0.05 MeV no 3 MeV. OBaj mMpoOKY crieKTap eHepruja
o0yxBaTa CKOpPO CBE €HEepruje rama 3paderma HajlO3HATHjUX paiuoHyKauaa. [lo6ujeHn pe3ynTatu cy
ymopebeHn ca pesyiaTaTmMa 3a UHCT MOJNMMEpP ETMOKCHTHE CMOJIe KaKo OW ce MmoKaszaja e(UKaCHOCT
Mopu(uKaIyje ToIuMepa MK IoflaBamy AIPyrux Matepujaia. Takobe, mapameTpu ciabibemba CBUX cMela
ynopebenn cy ca mapameTrpuMa ciabiberma 0J0Ba KaKo OM ce MpOBEpHiIa BAIMAHOCT CMEIla Kao MaTe-
pujana 3a 3allITATY Off rama 3padera. PesyaraTu qobmjenn y oBom paay cy obehaBajyhm m npukazann
MaTepHjalii MOTY ce KOPHCTUTH Kao eheKTUBHA 3aMeHa 32 OJIOBO Y 3allITUTH Of] 3pavcHha.

Kmwyune peuu: loaumep efioxcu cmoae, Metian Xa0puo, OellieKyuja 2amna 3padersa,
MaCeHU KoepuuujeHill caabbersa, 3auiiiuiia 00 3paierba



