A. Vejdani-Noghreiyan, et al.: Theoretical and Experimental Determination of ...

142

Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 2, pp. 142-149

THEORETICAL AND EXPERIMENTAL DETERMINATION OF
MASS ATTENUATION COEFFICIENTS OF LEAD-BASED CERAMICS
AND THEIR COMPARISON WITH SIMULATION

by

Alireza VEJDANI-NOGHREIYAN ", Elham ALIAKBARI |,
Atiyeh EBRAHIMI-KHANKOOK !, and Mahdi GHASEMIFARD *

' Physics Department, Faculty of Sciences, University of Neyshabur, Neyshabur, Iran
% Nanotechnology Laboratory, Esfarayen University of Technology, Esfarayen, Iran

Scientific paper
DOI: 10.2298/NTRP1602142V

Mass attenuation coefficient of lead-based ceramics have been measured by experimental
methods and compared with theoretical and Monte Carlo simulation results. Lead-based ce-
ramics were prepared using mixed oxide method and the X-ray diffraction analysis was done
to evaluate the crystal structure of the produced handmade ceramics. The experimental results
show good agreement with theoretical and simulation results. However at two gamma ray en-
ergies, small differences between experimental and theoretical results have been observed. By
adding other additives to ceramics and observing the changes in the shielding properties such
as flexibility, one can synthesize and optimize ceramics as a neutron shield.
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INTRODUCTION

Nowadays ionizing radiation is widely used for
medical and industrial applications. The harmful effects
of incident radiation on living tissues of human body ele-
vate the risk of cancer. Therefore, it is essential to protect
people against the radiation exposure by using suitable
shielding materials [ 1, 2]. The ability of shielding materi-
als in reducing the intensity of radiation is expressed by
linear and mass attenuation coefficients.

Ceramic materials are widely used in medicine,
aerospace and construction industries.Ceramics are
used today as femoral heads and acetabular cups for
total hip replacement, dental implants and restora-
tions, bone fillers and scaffolds for tissue engineering
[3-5]. Some of ceramics are used as electrolytes for
solid oxyde fuel cells [6]. They can also be used as ra-
diation shielding for gamma rays. High melting tem-
perature, high chemical resistance in acidic or caustic
environments and high hardness are some of the typi-
cal properties of ceramics which make them essential
for our daily lifestyle [7, 8]. High melting temperature,
high heat resistance and high chemical resistance are
the advantages of ceramics in comparison with metals
and make them suitable for using as radiation shield-
ing material in various environments and different
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places, especially when using metals is unsuitable. In
2004, Krasnyi et al., studied the chemical resistance of
ceramic materials in acids and alkalis and showed that
corundum ceramics and mullite ceramics have high
values of acid and alkali resistance [9]. Moreover, She
and Ohji have studied the characteristics of high po-
rous mullite ceramics and have shown that as the
sintering temperature increases from 1450 to 1650 °C
the flexural strength increases and a relatively high
surface area is achieved which makes porous mullite
ceramics suitable for high-temperature catalysis appli-
cations as catalyst supports [10].

In this paper, the capability of using different
lead-based ceramics as the gamma shield has been studied.

To compare the gamma ray shielding ability of
different materials, a mass attenuation coefficient
(u/p) is introduced. This parameter describes the prob-
ability of all possible interactions between incident
photons and matter in unit mass per unit area. Determi-
nation of the accurate value of mass attenuation coeffi-
cient is important and essential in many applied fields
such as nuclear physics and radiation dosimetry [11].

The mass attenuation cofficient depends on the
incident gamma ray energy, the effective atomic num-
ber of the material (Z,g) and the density of the shield-
ing material [12-15]. High atomic number materials
such as lead have high attenuation coefficients and are
good candidates to be used as the radiation shield
[16, 17].
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Several experimental and theoretical works
were performed on evaluating the mass attenuation
coefficients of different materials with specific appli-
cations such as concretes, semi-conductors, some
types of polymers, alloys and steels [18-24].

In this study, some lead-based ceramics have
been prepared with the purpose of measuring the radi-
ation shielding parameters. The attenuation coeffi-
cients of prepared ceramics were measured using the
standard gamma sources such as '37Cs, 2*Na, and ®°Co.
Finally, measured results were compared with the re-
sults obtained by Monte Carlo simulation and those
calculated using the exisiting library data.

THEORY

When a gamma ray passes through the matter, the
variation of gamma ray intensity against thickness of
the absorber material is given by the Beer Lambert law

1 =1, exp(~x) (1)

where [ is the number of particles of radiation counted
during a certain time duration without any absorber, /—
the number of counted radiation during the same time,
which passes through an absorber (located between
the radiation source and the detector) with a thickness
ofx, and u —the linear attenuation coefficient of the ab-
sorber. The linear attenuation coefficient (1) shows the
probability of photon interaction per unit path length
of'incident photon when it passes through the matter. It
depends on the density of medium which photon
passes through. A more useful parameter which is in-
dependent of the density of the medium is called mass
attenuation coefficient (uy,). It is the ratio of u/p that
shows the average number of photon interactions in
the medium of unit mass per unit area [25]

ln(lo)
H_ 1)

P px

where p is the density of material [kgm °]. The accu-
rate value of mass attenuation coefficient is essential to
obtain shielding and dosimetric parameters used in
many applied fields such as radiation protection and
radiation dosimetry. In addition, the total mass attenu-
ation coefficient (u/p)c for any chemical compound or
mixture of elements is given by mixture rule [26]
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in which w; is the weighting fraction of each element in
mixture and (u/p); — the mass attenuation coefficient
of the i constituent element. For a chemical com-
pound, the weight fraction is given by
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where 4; is the atomic weight of the i" element and a;is
the number of the element in the related chemical for-
mula ofthe compound. In this work, considering atten-
uation coefficient of each element, which is available
in nuclear data libraries, the theoretical value of the
mass attenuation coefficient for a mixture or com-
pound was computed using a FORTRAN program.
This program is based on the mixture rule to calculate
the partial and total mass attenuation coefficients for
all elements, compounds and mixtures at standard as
well as selected energies.

EXPERIMENTAL
Production of ceramic samples

In this research, the mixed oxide method has
been used for preparing powders of ceramics with for-
mula (Pb, 4Ba, ;)AO;, in which the elements Mg, Zn,
Cu, Fe, and Mn are denoted by A. Samples were made
disc-shaped, of 0.025 m in diameter with thicknesses
ranging from 0.002 to 0.006 m [27, 28]. Table 1 shows
the elemental composition used to make 0.04 kg of dif-
ferent ceramics investigated in this study. The density
of each sample was measured by archimedes principle
using water as the immersion fluid. Figure 1 shows
0.002 m-thick handmade samples of different types of
ceramics investigated in this work.

X-ray diffraction analysis and
phase evaluation

The phase evolutions and crystal structure of the
ceramic powders were studied by X-ray diffraction
(XRD, Model Philips X'pert, Cu Ka radiation). Figure 2
shows the XRD patterns of (Pb,,Ba;,)MgO; and

Table 1. Values of chemical compositions (10~ kg) for 0.04 kg of ceramic samples

. Ceramics
Composition (Pby,, Bap,1)Zn0; (Pbog, Bay)FeO; (Pbyg.o, Bay. )MgO; (Pby, Bay,)CuOs (Pby, Bap.)MnOs
PbO 25.62 26.42 29.48 25.76 26.5
Ba(NO), 3.32 3.42 3.82 3.34 3.42
Mg(NO); - - 37.62 - —
Fe(NO)s - 53.14 - - -
CuSO, — — — 20.46 —
ZnO 10.38 - - — -
MnO, - — - — 11.46




A. Vejdani-Noghreiyan, et al.: Theoretical and Experimental Determination of ...
144 Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 2, pp. 142-149

Pb,, Ba,,)CuO,

Figure 1. Disks samples of all ceramics
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Figure 2. The XRD pattern of the ceramic prepared at
700 °C; (a) (Pbyy Bag1)MgOs, (b) (Pbyy Bay.)FeO;

(Pby ¢Ba, |)FeO; ceramics. The XRD results reveal the
existence of a phase with tetragonal structure for ceramic
prepared by the mixed oxide method. The results were
summarized in tab. 2.

SEM image analysis

A typical microstructure of (Pb,¢Ba,)CuO,
and (Pb,¢Ba,)ZnO; are determined by scanning
electron microscopy (SEM) images. The SEM images
surface and histogram graphs of samples are shown in
fig. 3. According to the fig. 3(a) and fig. 3(c),the
shapes of the most particles were found polyhedral.

Measurement of mass
attenuation coefficients

Figure 4 shows the experimental setup used in the
present work. Measuring the gamma-ray attenuation co-
efficient was performed using CslI (T1) scintillation de-

Mean = 2.9 [um] Mean = 2.3 [um]

Frequency
S~ =

=)

o N & O ©

Figure 3. SEM images of the surface and particle size
distributions of the ceramics; (a, b) (Pbys Bag;)CuOs,
(¢, d) (Pboy Bay1)ZnO;

Figure 4. Photograph of experimental set-up

tector with the dimensions of 2"x2" and energy resolu-
tion 0f 6.91% (662 keV) and 5.06% (1173 keV).The de-
tector was connected to the scintillation counter with
multi-channel analyzer (MCA) facility, which was con-
nected to an advanced computer system. As aforemen-
tioned three radioactive gamma sources including ®’Co,
137Cs, and ?*Na were used. The spectrometer has been
calibrated using gamma rays with energies of 662 keV of
137Cs source and 1173, and 1332 keV of ®Co source.
Ceramic samples were placed individually between the
gamma ray source and the detector. The distances of ra-
dioactive source and detector window from the sample
were 0.001 and 0.3 m, respectively. The experimental
set-up was arranged in such a way that gamma rays pass-
ing directly through the sample without any interaction
have the greatest chance of achieving the detector. Actu-
ally, the relatively large distance between the sample and
detector causes that photons which interacted within the

Table 2. The structure parameters of ceramic powders calcined at 700 °C

Ceramics 20 hkl Structure Lattice parameter [nm] Volume of cell [nm’]
28/835 102 Tetragonal a=b=13/96 182/079
(Pboo, Bag1)MgOs 29/345 110 P4/nmm c=11/611
30/105 104
29/190 101 Tetragonal a=b=4/52 235/97
(Pbo.o, Bay,1)FeOs 32/475 110 P4/nmm c=11/550
46/560 104
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sample and deviated from the initial beam, cannot reach
the detector.

For each evaluation, the spectra were obtained
for a period of 600 seconds with varying thickness of
ceramic sample. The same process was carried out for
all of samples.The numbers of counts reaching the de-
tector with and without the samples under study were
recorded. For evaluating the energy peaks of each en-
ergy beam, the area underneath the peaks (number of
counts) was integrated.

In order to determine / and /,,, the net area under the
photopeak was taken into account. Considering / and 1,
as the measured count rates in detector with and without
the absorber with thickness of x, respectively, the linear
attenuation coefficient can be extracted from the graph,
which indicates the linear dependency of the logarithm
of (Iy/I) on the ceramic thickness. Observed points were
seen to be closely distributed around the line, having pos-
itive slope. This line was assessed by fitting the experi-
mental data by the least square method. The line slope
was used to determine the linear attenuation coefficient.
The mass attenuation coefficient was also obtained by di-
viding the linear attenuation coefficient of the samples by
their densities.

SIMULATION

Computer codes based on the Monte Carlo
method were used for calculating mass attenuation co-
efficients of different types of concrete, heavy metal
oxide glasses and polymers [12, 29-32]. In the present
study, Monte Carlo N-Particle transport code
(MCNP-4C) developed by Los Alamos National Lab-
oratory has been used to perform the simulations.
MCNP is a general multipurposes code which can be
used effectively to calculate mass attenuation coeffi-
cients of different types of mixtures and also has a
wide range of capabilities which makes it useful for
medical and industrial purposes [33-37]. The Monte
Carlo method is based on generating random numbers
to simulate any problem having probabilistic interpre-
tation such as photon transport through the matter. In
the method, the rules of photon transport are used to
create probability distributions. The code uses
cross-section libraries to produce probility distribu-
tions based on the physical rules of photon transport.
The step size of photon interaction between two inter-
action and type of photon interaction that may occur
are produced by using random numbers generated by
the appropriate probability distributions. Due to the
statistical nature of the Monte Carlo method, a large
number of particles should be tracked to obtain rea-
sonable final results.

In this work, the geometry shown in fig. 5 was
simulated using MCNP-4C code. As it can be seen in
this figure, the ceramic sample shown as a disk was
simulated between the point isotropic gamma source

@ Ceramic Lead shell

Csl (TI)

Point source detector

®) Lead shell

Csl (TI)
Ceramic detector

Figure 5. The assumed geometry simulated by MCNP
code; (a) three-dimensional, (b) two-dimensional

and Csl scintilation detector. Cylinderical shell of lead
with inner diameter of 2 inch and outer diameter of
16 inch was simulated between the sample and detec-
tor. The number of radiations reached to the detector
without any interaction was determined by calculating
F1 tally on the detector surface. The attenuation coef-
ficient can be obtained by inserting the assessed results
into eq. (1).

RESULTS AND DISCUSSION

Mass and linear attenuation coefficients of differ-
ent lead-based ceramics have been investigated experi-
mentally using standard gamma sources. Figure 6
shows the linear dependency of Ln(//l,) vs. the thick-
ness of (Pb, ¢Ba,, ;)Zn0O; ceramic for different gamma
ray energies. In this figure the slope of the fitted line
shows the linear attenuation cofficient (u). The same
procedure was carried out to obtain the value of linear
attenuation coefficient for other ceramics as well.

Table 3 shows the resulting values of mass attenu-
ation coefficient (u/p) at different energies, using ex-
perimental, theoretical and simulation methods. As it
can be seen in this table the experimental results are in
good agreement with theoretical and simulation results.

It is seen that there are differences of about 1-9%,
and up to 20% in the ZnO, case, between experimental
and simulation results at photon energies 1173 and 1332
keV. The same differences between the experimental
and simulation results have been observed in several
studies previously [38-40]. The results reported by
Icelli et al. show differences of about 7-26 % for simple
compounds and much greater differences for complex
compounds [40]. In addition, a study performed by
Sogut et al. shows that the total mass attenuation coeffi-
cient values of Fe and Cu in the chemical form are dif-
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Figure 6. Plot of In(Zy/]) vs. thickness x for ceramic (Pbyo Bay1)ZnO; using (a) 22Na, (b) ¥'Cs, and (c) *’Co sources

Table 3. Theoretical, simulations and experimental values of mass attenuation coefficients /o (10" m*kg™") for all of the

ceramic samples

Ceramics
TN | Method | (PbyoBag )Zn0; | (PbsBag)FeO; | (PbysBag)MgO; |  (PbyoBag)CuO; | (PbysBag)MnO;
(0=5.72) (o = 5.95) (0 = 6.22) (p=5.12) (0 =5.62)

Theo. 0.121 0.092 0.093 0.121 0.091

511 Sim. 0.119 +£0.001 0.110 £0.001 0.107 £ 0.001 0.123 +0.001 0.107 £0.001
Exp. 0.123 £ 0.001 0.104 £ 0.0007 0.101 £ 0.0008 0.118 £0.0011 0.102 + 0.0008
Theo. 0.093 0.076 0.077 0.094 0.076

662 Sim. 0.083 +0.001 0.077 £ 0.001 0.076 + 0.001 0.089 + 0.001 0.076 + 0.001
Exp. 0.084 +0.001 0.077 £ 0.001 0.072 £ 0.001 0.089 +0.001 0.075 £ 0.001
Theo. 0.059 0.054 0.054 0.058 0.054

1173 Sim. 0.065 +0.002 0.053 + 0.002 0.051 +0.009 0.054 +0.007 0.049 + 0.004
Exp. 0.076 = 0.002 0.057 £ 0.002 0.054 £ 0.001 0.056 + 0.002 0.054 + 0.002
Theo. 0.054 0.050 0.050 0.053 0.050

1332 Sim. 0.054 + 0.004 0.052 +0.003 0.050 = 0.003 0.052 + 0.004 0.050 + 0.001
Exp. 0.058 + 0.002 0.052 +0.002 0.049 + 0.002 0.048 + 0.002 0.047 +0.002

ferent from that of pure elements by 6-17 % [38]. There-
fore, it is seen that in comparison with similar studies,
the differences between our theoretical and experimen-
tal results seems to be in acceptable range. The differ-
ences are due to the individual characteristics of struc-
ture of molecules, molecular bonding and chemical
effects of compounds, which are not considered in theo-
retical method of calculating mass attenuation coeffi-
cient by mixture rule [38, 40].

Regardless of observed differences between the-
ory, simulation and experiment, measured values of
mass attenuation coefficients for different ceramics
are close to each other. This is because ceramics have
similar structural components contained Pb and Ba
which play main role in determining attenuation coef-
ficient. However, slight discrepancies between attenu-
ation coefficients of different ceramics are due to dif-
ferences in one component of ceramics. As it is seen in
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Figure 7. Spectrum of gamma-rays of sources without attenuation and attenuated by ceramics (Pbyo Ba,;)Zn0O; with
thikness of 5 mm; (a) *Na source (b) "*’Cs source, and (c) ’Co source

tab. 3, ceramics containing Zn and Cu have higher at-
tenuation coefficient values and ceramics which con-
tain Mg, Mn, and Fe have lower attenuation coeffi-
cients. It can be explained by the strong influence of
atomic number of the medium on the relative probabil-
ities of photon interactions [41].

Itis also obvious from tab. 3 that the mass attenu-
ation coefficients strongly depend on the photon en-
ergy. By increasing the photon energy, the mass atten-
uation coefficients of the investigated compounds
are reduced. Figure 7 shows attenuated spectrum of
different gamma sources in the presence of
(Pby¢Ba; )Zn0O; ceramic in comparison with the
non-attenuated spectrum. It can be seen that for cobalt
source, which has higher energy photons than cesium
and sodium, the attenuation power of ceramic is small.
This finding is in compliance with the fact that the
probability of photon interaction with matter de-
creases by increasing photon energy.

According to tab. 3, (Pb, (Ba; ;)ZnO; and (Pb, 4
Ba; ;)MgO; ceramics have the highest and lowest
gamma attenuation coefficients, respectively. In tab. 4,
the average mass attenuation coefficients of
(Pby¢Ba; )Zn0O; over experimental, theoretical and
computational values are compared with those of the
pure lead.

Given tab. 4, comparing (Pb,,Ba, ;)ZnO; ce-
ramic with pure lead illustrates that at higher energies

Table 4. Mass attenuation coefficients for some common
gamma shields and ceramics studied in this research

Energy [keV] PBZ (A =Zn) Lead
511 0.123 0.141
662 0.084 0.112
1173 0.076 0.055
1332 0.058 0.0511

the mass attenuation coefficient of (Pb,¢Ba, ;)Zn0O,
ceramic is even higher than that of lead. This is be-
cause of the presence of other high-Z element within
the ceramics, which increases the probability of
gamma interactions.

CONCLUSIONS

In the present work, mass attenuation coeffi-
cients of some lead-based ceramics were measured.
Moreover, these data were also determined using
Monte Carlo MCNP-4C code and compared with the-
oretical data taken from nuclear library. According to
the obtained results, experimental, computational and
theoretical data were found to be very close to each
other. Moreover, (Pb, 4Ba, ;)ZnO; ceramic provided
good attenuation properties, which makes it a good
choice to be considered as a gamma shield. The prom-
ising results of this research show the suitability of us-
ing Pb-based ceramic to shield gamma radiation.
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Amupe3a BEIITAHU-HOTPEUJAH, Enxam AJIMAKBAPUH,
Atujex EEPAXUMUM-KAHKYK, Maxagu TASEMU®AP]

TEOPNICKO U EKCIIEPUMEHTAJ/IHO OJAPEGUBABE MACEHUX
ATEHYAIIMOHUX KOEOUIIMIJEHATA KEPAMUKA HA BA3U
OJOBA N BbUXOBO IMOPELBEILE CA CUMYJIALIMJOM

M3BpuieHo je nopebeme MaceHHX aTeHyalMOHHUX KoedHIUMjeHaTa KepaMuKa Ha 0as3d oJioBa
ofgpebeHux ekcriepuMeHTaIHIM IYTEM Ca BpEIHOCTUMA JOOUjeHUM TeOpHjcKuM MopiesioM 1 MonTe Kapno
cumynanujom. Kepamuke Ha 6a31 0110Ba IpUIIPEMaHe Cy METOJOM MEIIaHOT OKCHJIa, a IPOIleHa KPUCTAaIHE
CTPYKType PYYHO HaIpaB/bEHUX KepaMuka oO0aB/beHa je Au(pakLUOHOM aHalu3oM X-3padyema.
ExcnepumeHTanHu pe3yataTu JoOpo ce clnaxy ca TEOPHjCKHM BPEJHOCTUMA M BPEHOCTAMA JJOOUj€HIUM
cuMyJaanujoM. MebyTum, 3a JBe BpeJHOCTH €HEpruja raMa 3pauea, youeHe cy Male pasiiuke usmeby
EKCIIEpUMEHTANIHUX U TEOPHUjCKUX pe3ynTaTa. [logaBamkeM aJuTHBa KEPAMUIIM U IOCMaTpambeM IPOMEHA y
3allITUTHUM OCOOMHaMa Kao LITO je (PIeKCUOMIIHOCT, MOTY C€ CHHTETU30BAaTH U OIITUMU30BAaTH KEpaMHKe
HOrOJHE 3a 3alUTHUTY Off HEYTPOHa.

Kmwyune peuu: aitienyauuoru xoeguuyujenin, Csl(Tl) Oettiexitiop, kepamurxa Ha 6a3u oaosa, MCNP-4C



