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Abstract

A simple Monte Carlo (MCNP) geometrical design was
modeled to characterize the mass attenuation coefficient (μ/ρ),
Mean Free Path (MFP) and Half-Value Layer (HVL) for six
glass samples of (PbO-Li2O-B2O3) system that were
previously prepared by others. The (μ/ρ) values were
calculated at twenty gamma energy lines covering the range
(0.107-7.12) MeV. The MCNP values of (μ/ρ) were compared
with those of XCOM and available experimental data, and good
agreement was concluded. The effect of PbO concentration on
the simulated values of μ/ρ, MFP and HVL was calculated and
compared with available experimental data at gamma energy
range (0.356-1.332) MeV. The results showed that Pb
concentration effect follows a trend similar to that observed in
the available experimental literature. The glass sample with
optimal gamma shielding capabilities over all considered
gamma energies was found to be the sample of chemical
formula (Pb3B4O9). These MCNP findings agree well with the
available experimental conclusions and validate the
applicability of the proposed geometrical model for performing
additional calculations on photon attenuation characteristics of
different glass compositions, a potentiality particularly useful in
cases where no experimental data is available.

Keywords: Monte Carlo simulations; XCOM; heavy metal
oxide glasses; gamma shielding parameters

Introduction
The computing and/or measuring of gamma-ray shielding

parameters such as mass attenuation coefficient μ/ρ (cm2.g-1), half
value layer HVL (cm) and Mean Free Path MFP (cm) play important
role in the research area of radiation physics [1]. Mass attenuation
coefficient is the most commonly used parameter to study the
interaction of gamma radiations [2-6]. This interaction is the
combination of the partial photoelectric absorption, Compton
scattering and pair production which are energy and atomic number
dependent. The photoelectric absorption and pair-production are the

processes by which photon completely removed whereas Compton
interaction slows down photon energy sufficiently to be removed by
photoelectric absorption interaction [4]. Thus, μ/ρ is the most
important quantity characterizing shield design and it is a basic factor
for deriving other gamma ray shielding parameters such as MFP and
HVL.

Concretes are commonly used as shielding materials in nuclear
reactors for several types of nuclear radiations [1, 7-8]. However,
concretes as shielding materials in nuclear reactors suffer from several
limitations including, continuous modification of the shielding
properties due to addition of moisture content, opaqueness to visible
light and thus, it is not possible to see through concrete based shield,
the crack formation occurs after long exposure to nuclear radiations
and aging and loss of water occurs in the concrete-based shield due to
nuclear radiations-induced heat generated at concrete [1, 9].

Different configurations of heavy metal oxide glass systems have
been investigated as possible alternatives of concretes for gamma ray
shielding purposes and several gamma transmission geometries have
been developed [4, 10-14]. Heavy metal oxide glasses are transparent
to visible light and their chemical composition can be varied widely to
attenuate several types of the nuclear radiations originating in the
nuclear reactors [1]. The transparent feature of the heavy metal oxide
glasses make them useful for optical windows in nuclear reactors and
isotope technology centers.

In the light of these efforts, Ashok kumar [15] has measured the μ/ρ
values for six glass samples of composition (0.6-x) PbO-x Li2O-0.40
B2O3 (where 0 ≤ x ≤ 0.25 mol%) at photon energies; 0.356, 0.662,
1.173 and 1.332 MeV in a narrow beam geometrical set-up. The
measured μ/ρ values were then used to obtain the values of MFP,
effective atomic number and electron density. The shielding
capabilities of the prepared glasses have also been compared with
standard concretes as well as with the standard shielding glasses. It is
found that the prepared glasses are the better shielding alternative to
the conventional concretes as well as other standard shielding glasses
with the most effective shielding properties observed for the sample of
chemical formula (Pb3B4O9).

However, the four energy lines used in [15]; 0.356, 0.662, 1.173
and 1.332 MeV, do not represent all the expected energies of gamma
rays that could be utilized to examine the gamma shielding capabilities
of the prepared glass samples. In addition, the energy range of gamma-
ray photons in a reactor was found to be (0.10-10) MeV during
uranium fission [3]. Therefore, it is essential to have μ/ρ values for
photon energies that suit such range. On the other hand, HVL is one of
the basic gamma shielding parameters that could to utilize to
determine the shield design, however it is missing in [15]. This work
addresses such shortcomings.

The MCNP radiation transport code can in principle provide the
highest accuracy and precision in modeling of the physical
interactions in a matter, applied in circumstances often not available
for experimental measurements. Reported literature ([2, 4, 16-19],
reveals that MCNP is an effective tool to simulate gamma
transmission geometries and calculate μ/ρ values for different types of
compounds or mixtures.

On the other hand, The XCOM [20] computer program is usually
employed for theoretical estimation of μ/ρ values and interaction
cross-sections for elements, compounds, and mixtures. The XCOM
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program calculates the μ/ρ values at gamma energy range (1KeV-100)
GeV using the Hartree-Slater central potential theory and it has been
verified experimentally that it gives results close to experimental ones
[21-22].

On the basis of such considerations, Monte Carlo radiation
transport code MCNP5 [23] was employed to model a simple gamma
transmission geometry suitable for exploring the gamma shielding
features for the six glass samples of (PbO-Li2O-B2O3) system that
were previously prepared by Kumar [15]. The geometrical model was
utilized to determine the μ/ρ values at twenty gamma energy lines;
0.107, 0.114, 0.122, 0.139, 0.159, 0.170, 0.182, 0.208, 0.238, 0.254,
0.271, 0.276, 0.356, 0.511, 0.662, 0.835, 1.173, 1.275, 1.332 and 7.12
MeV. These energies cover a reasonable range for exploring gamma
shielding capabilities of the simulated glass samples and suit the
energy range of gamma rays present in nuclear reactors during
uranium fission (0.10-10) MeV [3]. In addition, the XCOM program
was employed to calculate of the μ/ρ values at the same energy range
(0.107-7.12) MeV. This is to examine the applicability of the proposed
geometry for gamma transmission predictions.

The experimental values of MFP reported by Kumar in [15] were
used to derive the HVL values for the six glass samples at the four
considered gamma energy lines; 0.356, 0.662, 1.173 and 1.332 MeV.
The derived values of HVL, in addition to the available experimental
data for μ/ρ and MFP, may provide sufficient data for comparison with
the MCNP simulations with respect to the same gamma shielding
parameters. Furthermore, the effect of the PbO concentration on the
simulated values of μ/ρ, MFP and HVL was also investigated and
compared with available experimental results at gamma energy range
(0.356-1.332) MeV.

Materials and Methods
The MCNP simulated gamma attenuation geometry is shown in

Fig. 1.

The model consists of a cylindrical lead (Pb) capsule of 1cm inner 
diameter, 5cm outer diameter, 4cm length for the cavity, and 5cm 
length for the Pb capsule. The Pb capsule contains the gamma source 
which is considered as a mono-energetic isotropic point source in 
infinite medium. 

The source strength is assigned to unity to represent a normalized 
source and the MCNP code was executed in photon transport 
mode only. The photon weight factor is 1 in all cells and zero in the 
cutoff region (outside the boundary surface of the problem).

The initial gamma rays coming from the source were collimated by 
a cylindrical lead collimator of 1cm inner diameter, 12cm outer 
diameter and 15 cm length. The glass sample was simulated as a 
cylinder with 10 cm diameter and 0.7 cm thickness and located at 
2.15cm along the X-axis away from both gamma source and NaI(Tl) 
detector collimators.

The transmitted photons were collimated by a cylindrical lead 
collimator of 1cm inner diameter, 12cm outer diameter and 10 cm 
length. For counting the intensity (I) of the transmitted photons, a 7.5 
cm×7.5 cm NaI (Tl) detector was modeled and shielded with a 
cylindrical Pb collimator of 1cm thickness.

The flux over detector cell (F4) was selected to estimate the 
transmitted flux in the NaI(Tl) detector cell. The simulated glass 
samples were targeted by photons with energies; 0.107, 0.114, 0.122, 
0.139, 0.159, 0.170, 0.182, 0.208, 0.238, 0.254, 0.271, 0.276, 0.356, 
0.511, 0.662, 0.835, 1.173, 1.275, 1.332 and 7.12 MeV. 

The number of histories was 107 and cross sections were obtained 
from the ENDF/B-VI, and the NJOY libraries. The simulated results 
pass all statistical checks and have relative error less than 0.3% for 
all glass samples under study.

The transmitted intensity (I) and the initial intensity (Io) of photons 
were calculated with and without glass sample, respectively. The 
individual densities and thicknesses of simulated glass samples were 
taken from [15].

 It is worth noting that, the individual thicknesses were averaged to 
be 0.7cm and considered for each glass sample. The MCNP simulation 
has been repeated for each glass sample and the μ/ρ values for the six 
prepared glass samples were derived from their linear attenuation 
coefficients μ (cm-1). 

The mole fractions, chemical formulas, densities and thicknesses 
of the investigated glass samples are given in Table 1 [15].

Sample Mole fractions Chemical formula Density Thickness (cm)

PbO Li2O B2O3 (g.cm-3)

Sample (1) 0.6 0 0.4 Pb3B4O9 6.306 0.741

Sample (2) 0.55 0.05 0.4 Pb11B16Li2O36 6.144 0.712

Sample (3) 0.5 0.1 0.4 Pb5B8Li2O18 5.786 0.648

Sample (4) 0.45 0.15 0.4 Pb9B16Li6O36 5.553 0.659
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Figure1: Geometrical model employed for the MCNP simulations.

Sample (5) 0.4 0.2 0.4 Pb2B4Li2O9 5.378 0.756

Sample (6) 0.35 0.25 0.4 Pb7B16Li10O36 5.138 0.684

Table1: The mole fractions, chemical formulas, densities and thicknesses of the investigated glass samples [15].

and Available Experimental Data. J Phys Res Appl 5:5.

Volume 5 • Issue 5 •



Using XCOM software requires the knowledge of the mass 
fractions of the constituent compounds for each glass sample. 
Therefore, the mole fractions of PbO, Li2O and B2O3 for each glass 
sample were converted into mass fractions using the formula

Where, (g) is the mass fraction of one constituent compound. The
term () is the mass (g) of the constituent compound, consisting of its
mole fraction (mole) and molar mass (g.mole-1). While the term
represents the total mass (g) of the mixture.

The mass fractions of the constituent compounds for each glass
sample were inserted in the XCOM data base program to determine
the theoretical μ/ρ values at gamma energy range (0.107-7.12) MeV. It
is worth noting that, as well as μ/ρ values, the XCOM software
generates the elemental mass fractions for each glass sample.

These elemental mass fractions are required to specify glass sample
materials (by mass fraction) in the MCNP input files. Thus, the MCNP
simulations were carried out for each glass sample by employing the
XCOM analysis results with respect to the elemental mass fractions of
that sample. The linear attenuation coefficient μ (cm-1) of the glass
samples under investigation is defined from the exponential
attenuation rule for narrow, monochromatic rays for thin absorbing
material [4]

The total mass attenuation coefficient values μ/ρ (cm2.g-1) for
multi-element materials are the sum of the (μ/ρ)i values of each
element by using mixture rule [4]

Where wi is the weight fraction and (μ/ρ)i is the mass attenuation
coefficient of the ith constituent element.

The values of μ were used to determine MFP and HVL for each
glass sample. The Mean free path MFP (cm) is the thickness of the
shielding materials for two successive collisions and was calculated in
[3] as

While the Half Value Layer, HVL (cm) is the thickness of the
shielding materials which reduces photon density by 50% of the
incident. The HVL is expressed in unit of length as [24]

Based on equation (5), the values of the HVL to be compared with
those obtained by MCNP simulations were derived by multiplying the
measured values of MFP for the six prepared glass samples by
(ln(2)=0.693).

Results and Discussion
The MCNP values of μ/ρ for the six simulated glass samples were

compared with those theoretically calculated by XCOM and with
available experimental results reported by Kumar in [15]. The data
was organized and presented in Table 2.
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Table2: The MCNP, XCOM and available experimental data [15]
of μ/ρ for the six glass samples at gamma energy range (0.107-7.12)
MeV.

It is seen from Table 2 that μ/ρ of each glass sample decreases
sharply in the low energy region (0.107-0.356) MeV. This may be
attributed to the photoelectric effect which predominates at E < 0.4
MeV [25]. The μ/ρ values are then following a stepwise reduction in
the higher energy region (0.356-7.12) MeV for all considered glass
samples. This may be attributed to the fact that, Compton scattering
and the pair production are the predominant reactions in the ranges 0.4
MeV < E < 1.330 MeV and E ˃1.02, [24, 25].

As a measure of the agreement, the percentage relative differences
RD(%) between (MCNP and XCOM), and (MCNP and experiment)
with respect to the values of μ/ρ were calculated for all considered
glass samples at gamma energy ranges; (0.107-7.12) MeV and
(0.356-1.332) MeV, respectively. The average of the RD (%) values
for each glass sample was calculated and the results are presented in
Table 3. As seen in Table 3, the averaged RD (%) between (MCNP
and, XCOM), and (MCNP and experiment) μ/ρ values are very small
and fall in the ranges (1.93-1.77) %, and (2.79-2.38) %, respectively.

Sample RD (%) RD (%)

(MCNP-XCOM) (MCNP-EXP)

Sample (1) 1.9306 2.7889

Sample (2) 2.1037 3.0293
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Sample (3) 1.8059 2.4514

Sample (4) 1.751 2.4583

Sample (5) 1.7879 2.8191

Sample (6) 1.7684 2.3814

Thus, satisfactory agreement is achieved and one may conclude that 
the narrow beam geometry employed is suitable for estimating the μ/ρ 
values for the six glass samples under investigation. Discrepancy in the 
values of μ/ρ obtained by MCNP and the experiment could be 
attributed to the deviations from narrow beam geometry in the source 
detector arrangements presented in [15].

While variation in the values of MCNP and XCOM, may be due to 
different nature of the two employed techniques and the expected 
differences between the respective databases that considered for each 
method, as well as the statistical uncertainties in MCNP results which 
were reported as, less than 0.3%.

The effect of PbO concentration (mole fraction %) on the μ/ρ 
parameter was also investigated. Fig. 2 shows the variation of 
simulated and experimentally measured μ/ρ values with PbO 
contribution at the four gamma energy lines; 0.356, 0.662, 1.173 and 
1.332 MeV.

As seen in Fig.2, Both simulated and measured μ/ρ values increase 
as PbO concentration increases and decrease as photon energy 
increases with best gamma shielding capabilities achieved for the 
sample (1) of the chemical formula (Pb3B4O9) with 60% PbO at 0.356 
MeV. Our results with respect to the variation of simulated μ/ρ values 
with incident photon energy tabulated in Table 2, and with the PbO 
concentration presented in Fig. 2, are in consistency with those 
obtained by Kumar [15].

The results with respect to the variation of both simulated and 
measured μ/ρ values with incident photon energy as well as with PbO 
concentration implied that if the energy of the incident photons is 
increased, we would obtain lower μ/ρ values, and therefore higher 
MFP and HVL values. On the other hand, if we increase the PbO 
concentration, higher μ/ρ values would be obtained and therefore lower 
MFP and HVL values.

Figure2: Variation of MCNP and measured [15] μ/ρ values with
PbO concentration at gamma energy range (0.356-1.332) MeV.

To investigate such conclusion, the simulated values of MFP and
HVL were compared with those experimentally measured for the six
glass simulants at gamma energy lines; 0.356, 0.662, 1.173 and 1.332
MeV. The results are presented in Table 4 and Table 5, respectively. In
addition, the variation of both simulated and measured MFP and HVL
values with PbO concentration at the four gamma energy lines; 0.356,
0.662, 1.1732 and 1.332 MeV was presented graphically in Fig. 3 and
Fig. 4, respectively. As expected, (Table 4 and Table 5) and (Fig. 3 and
Fig. 4) show that both MFP and HVL values increase with the
increase in the photon energies and decrease with the increase of PbO
concentration, for all six simulant glass samples.

Figure3: Variation of MCNP and measured [15] MFP values with
PbO concentration at gamma energy range (0.356-1.332) MeV.
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Figure4: Variation of MCNP and experimentally derived values of HVL with PbO concentration at gamma energy range (0.356-1.332) 
MeV.

Energy
(MeV)

Mean Free Path (cm)

Sample (1) Sample
(2)

Sample
(3)

Sample
(4)

Sample
(5)

Sample
(6)

MCNP EXP MCNP EXP MCNP EXP MCNP EXP MCNP EXP MCNP EXP

0.356 0.6341 0.6607 0.6627 0.6926 0.7183 0.7418 0.7666 0.7898 0.8138 0.8452 0.8795 0.9052

0.662 1.5175 1.5701 1.562 1.6276 1.6812 1.737 1.7742 1.8283 1.8594 1.915 1.9739 2.0106

1.173 2.5954 2.6386 2.6726 2.7217 2.8426 2.8902 2.9668 3.0317 3.0734 3.1462 3.2277 3.3044

1.332 2.8167 2.878 2.9064 2.9647 3.0973 3.1538 3.2389 3.2982 3.3503 3.4307 3.5195 3.6109

Table4: The MCNP and available experimental data [15] of MFP for the six glass samples at gamma energy range (0.356-1.332) MeV.

Energy
(MeV)

Half-Value Layer (cm)

Sample (1) Sample
(2)

Sample
(3)

Sample
(4)

Sample
(5)

Sample
(6)

MCNP EXP MCNP EXP MCNP EXP MCNP EXP MCNP EXP MCNP EXP

0.356 0.4395 0.458 0.4594 0.4799 0.4979 0.5141 0.5314 0.5473 0.5641 0.5857 0.6096 0.6273

0.662 1.0519 1.0881 1.0827 1.1279 1.1653 1.204 1.2298 1.267 1.2889 1.3271 1.3682 1.3933

1.173 1.799 1.8285 1.8555 1.8861 1.9801 2.0029 2.0735 2.101 2.1553 2.1803 2.2711 2.2899

1.332 1.9524 1.9945 2.0146 2.0545 2.1469 2.1856 2.245 2.2857 2.3391 2.3775 2.4663 2.5024

Conclusion
In this work, MCNP5 was employed to develop a gamma 

transmission model and explore its applicability in calculating the μ/ρ, 
MFP and HVL values for six simulant glass samples that were 
previously prepared and used for an experimental study by Kumar 
[15]. 

The MCNP simulations were carried at twenty gamma energy 
lines fall in the range (0.107-7.12) MeV, which provides a reasonable 
energy range at which gamma shielding features could be investigated.

On the basis of agreement between the μ/ρ values obtained by 
MCNP, XCOM and available experimental data, the geometrical model 
was employed to determine the MFP and HVL values at gamma 
energy range (0.276-7.12) MeV. 

The available experimental values of MFP were used to derive 
the values of HVL as usable gamma shielding parameter affecting 
the glass shield design, which was missing in [15]. The Results of 
MCNP simulations for MFP and HVL parameters were compared 
with those experimentally generated at gamma energy range 
(0.356-1.332) MeV.

The effect of the PbO concentration on the simulated values of μ/ρ, 
MFP and HVL was also investigated and compared with available 
experimental results at gamma energy range (0.356-1.332) MeV. It is 
concluded that the MCNP results follow a trend similar to that reported 
experimentally in [15]; for all the six simulant glass samples, μ/ρ 
values decrease as photon energy increases and increase as PbO 
concentration increases. While MFP and HVL increase as photon 
energy increases and decrease as PbO concentration increases.

The glass sample with optimal gamma shielding capabilities; that is
with highest values of μ/ρ, lowest values of MFP and HVL over all
considered gamma energies, was found to be sample (1) of the
chemical formula (Pb3B4O9). These results agree well with the
conclusions reported by Kumar in [15] and validate the feasibility of
employing the proposed geometrical model for additional calculations
on the photon attenuation parameters of different glass compositions, a
feature particularly useful in cases where no experimental data exist.
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