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The effective atomic numbers, Z.; of some glass systems with and without Pb have been calculated in the
energy region of 1 keV-100 GeV including the K absorption edges of high Z elements present in the glass.
Also, these glass systems have been compared with some standard shielding concretes and commercial
window glasses in terms of mean free paths and total mass attenuation coefficients in the continuous
energy range. Comparisons with experiments were also provided wherever possible for glasses. It has
been observed that the glass systems without Pb have higher values of Z.; than that of Pb based glasses
at some high energy regions even if they have lower mean atomic numbers than Pb based glasses. When
compared with some standard shielding concretes and commercial window glasses, generally it has been
shown that the given glass systems have superior properties than concretes and window glasses with
respect to the radiation-shielding properties, thus confirming the availability of using these glasses as
substitutes for some shielding concretes and commercial window glasses to improve radiation-shielding

properties in the continuous energy region.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

By the extensive use of nuclear energy and radioactive isotopes
in various fields’ viz. reactors, nuclear power plants, nuclear engi-
neering and space technology, the radiation shielding became an
important subject due to required proper precautions to avoid
from the radiation hazards. For the shielding purposes, the glass
systems have double functions of being transparent to visible light
and absorbing gamma rays and neutrons, thus providing a radia-
tion shield for observers and experimenters [1]. Effective atomic
number which is representing the radiation attenuation in the
absorbing medium is related to the radiation interaction with mat-
ter and is useful in some applications such as designing radiation
shielding, computing absorbed dose and buildup factor [2]. The
effective atomic number is similar to that atomic number of ele-
ments [3]. However, on the basis of Hine’s expression [4] that
the effective atomic number of a material composed of several ele-
ments can not be expressed by a single number, it can be con-
cluded that it is an energy dependent parameter due to the
different partial photon interaction processes with matter for
which the various atomic numbers in the material have to be
weighted differently. Studies on radiation-shielding properties of
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different types of glasses have been made before for some photon
energies [5-10], but studies regarding continuous energy region
(i.e. 1 keV-100 GeV) are very scarce [1]. Comparison of glass sys-
tems with shielding concretes has been done by a limited number
of concretes and most of them appear to be restricted to a limited
energy range. Looking from these aspects, the present study aimed
at (a) investigation and comparison of effective atomic numbers of
some glass systems in the wide energy region of 1 keV-100 GeV,
(b) comparison of the glass systems with seven types of concretes
and two types of commercial window glasses to seek the availabil-
ity of the used glass systems with respect to the radiation
shielding.

2. Calculation method

The effective atomic numbers of glass systems can be calculated
by the following practical formula [11]:

Xi:fiAi(/v‘/p)i
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J
where f; is the molar fraction, A; is the atomic weight, Z; is the atom-
ic number, (1/p); is the mass attenuation coefficient. The total mass
attenuation coefficients of elements present in the glass systems
have been obtained from the WinXCom [12,13] computer program.
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The mean free path (mfp) represents the average distance between
two successive interactions of photons in which the intensity of
incident photon beam is reduced by the factor of 1/e. For the de-
tailed knowledge on calculations of the total mass attenuation coef-
ficients and mean free paths (mfp) of the present glass systems,
concretes and commercial window glasses, we may refer to a previ-
ous study [14].

3. Results and discussion

The chemical compositions of the used glasses have been given
in Table 1[5-7]. Fig. 1a-c shows the variation of Z.; with incident
photon energy from 1 keV to 100 GeV. On the basis of the relative
domination of the partial photon interaction processes, viz., photo-
electric absorption, Compton scattering and pair production, the
significant variations in Z,; were noted. The variation in Zggis large
below 100 keV where photoelectric process dominates and the
variation is negligible between about 1 and 2 MeV where the
Compton scattering is pre-dominating and further there is also a
significant change in Z.; which is due to the pair production pro-
cess. It was observed that the Z, has maximum values below
100 keV and has minimum values at intermediate energies. At
the corresponding K absorption edge of high Z element present
in the glass, the effective atomic number can has more than a sin-
gle value, thus revealing the non-availability of using Z.gin this en-
ergy region. The all variations can be clearly explained by the Z
dependence of total atomic cross sections thus effective atomic
numbers as Z*> for photoelectric absorption, Z for Compton scat-
tering and Z2 for pair production.

Fig. 2a and b shows the comparison of lead free glass systems
with lead based glasses according to the effective atomic numbers.
We have compared the glass systems by matching the same or less
weight fraction of BaO with that of PbO present in the glass sam-
ples. From the Fig. 2a it can be clearly seen that the BaO-Flyash-
B,03 glass has higher values of Z.; than PbO-B,0j3 glass from about
300 keV to further energies except for the 0.44Ba0-0.16Flyash-
0.40B,03 and 0.50Pb0-0.50B,03 glasses for which the BaO glass
has higher values of Z.s than PbO glass from 500 keV to 25 MeV.
According to the Fig. 2b, the BaO-P,05 glass has higher values of
Zqs than PbO-B,03 glass from 350 keV to 80 MeV for 0.30BaO-
0.70P,05, from 400 keV to 25 MeV for 0.40Ba0-0.60P,0s, from
510keV to 15MeV for 0.50Ba0-0.50P,0s, from 600 keV to

Table 1
Chemical composition of glass samples.

Sample Chemical composition (wt.%)
Lead based
PbO B,05
1 30 70
2 40 60
3 50 50
4 60 40
5 70 30
Non-lead based
BaO P,0s5
1 30 70
2 40 60
3 50 50
4 60 40
5 70 30
BaO Flyash B,03
6 24 36 40
7 30 30 40
8 34 26 40
9 40 20 40
10 44 16 40
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Fig. 1. (a-c) Effective atomic numbers of the given glasses for total photon
interaction from 1 keV to 100 GeV.

10 MeV for 0.60Ba0-0.40P,0s, from 800keV to 5MeV for
0.70Ba0-0.30P,05 glass. Also, it was observed that with the
increasing weight fraction of high Z element (viz. Ba, Pb) in the
glass system the Z.galso increases at some photon energies (Fig. 3).

Finally, we have compared the calculated Z.; values with the
available experimental Z. values present in the literature. From
the Table 2, one can easily observe that our calculated values are
in good agreement with the experimentally obtained ones within
a few percent uncertainties. Table 3 lists the descriptive statistics
of the calculated effective atomic numbers along with the mean
atomic numbers for some glass systems.

When it comes to radiation shielding, the mean free path (mfp)
which is defined as the average distance between two successive
interactions of photons becomes one of the most appropriate
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parameter representing the radiation attenuation. The present
. T ¢ (x)PbO-(100—x)B,03 where x = 30.
glass systems have been compared with some standard shielding b (x)PbO—(100—x)B.O, where x = 40
concretes which are a\{ailable in a previous stu.dy [15] in terms of c (x)PbO—(lOO—x)Bsz where x = 50.
mfp in the energy region of 1 keV-100 GeV (Figs. (4 and 5)). The 4 (x)PbO-(100—x)B,0; where x = 60.
all types of BaO-Flyash-B,03 glasses have lower values of mfp i(X)PbO—(]OO—x)B203 where x = 70.
than ordinary concrete from 20 keV to 100 GeV, than hematite-ser- . Exggag-gggfxigyasla-((gf;))l;zgz Wlslere x= gé‘(l)-
. _ . X)bal—-(0.6—X)rlyasn—-(U. 203 where x = 0.50.
pentine and basalt-magnetite concretes from 30 keV to 100 GeV. b (x)Ba0—(0.6_x)Flyash-(0.4)B,05 where x - 0.34.
Except for the 0.24Ba0-0.36Flyash-0.40B,0; glass, the BaO- i (x)Ba0—(0.6—x)Flyash-(0.4)B,05 where x = 0.40.
Flyash-B,03 glasses have lower values of mfp than ilmenite-limo- J' (x)Ba0-(0.6—x)Flyash—(0.4)B,05 where x = 0.44.

Table 2
Experimental effective atomic numbers along with the calculated ones in the present study.

Energy (MeV) BaO-Flyash-B,03 (I)* BaO-Flyash-B,0; (II)° BaO-Flyash-B,0; (III) BaO-Flyash-B,0; (IV)¢ BaO-Flyash-B,03 (V)°

Zegy €XD. Ze theo. Zegy €XD. Ze theo. Zegy €XD. Zgs theo. Zegy €XD. Zey theo. Zegy €XD. Zey theo.
3.56E-01 12.4% 133 135 14.6 14.6 154 16.0 16.7 171 174
6.62E-01 12.2 11.8 13.1 12.7 13.8 133 14.9 143 154 14.9
1.17E+00 11.8 115 125 123 13.0 12.8 14.0 13.7 14.6 143
1.33E+00 11.8 115 12.7 123 133 12.8 141 13.7 14.7 143
PbO-B,05 (I)f Pb0O-B,05 (II) PbO-B,0; (III) PbO-B,05 (IV) PbO-B,05 (V)
6.62E-01 10.08 10.1 12.0 11.8 13.6 14.0 16.3 17.0 21.3 21.0
2 (x)BaO-(0.6—x)Flyash-(0.4)B,03 where x = 0.24.
P (x)BaO-(0.6—x)Flyash-(0.4)B,05 where x = 0.30.
¢ (x)Ba0-(0.6—x)Flyash-(0.4)B,03 where x = 0.34.
4 (x)BaO—(0.6—x)Flyash-(0.4)B,05; where x = 0.40.
€ (x)BaO-(0.6—x)Flyash—(0.4)B,03; where x = 0.44.
X | —x)B,03 where x = 30, 40, 50, 60, 70, respectively.
f (x)PbO-(100—x)B,05 whi 30, 40, 50, 60, 70 ivel
g

Experimentally obtained values by Singh et al. [5] and Kirdsiri et al. [6], respectively.
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nite concrete from 30 keV to 100 GeV. The 0.24Ba0-0.36Flyash-
0.40B,03 glass has lower values of mfp than ilmenite-limonite
concrete from 30 to 400 keV, has about the same values with
ilmenite-limonite concrete from 400 keV to 60 MeV and has
slightly higher values than ilmenite-limonite concrete from
60 MeV to 100 GeV. The mfp of all types of BaO-Flyash-B,03
glasses are lower than ilmenite concrete from 30 to 200 keV, from
200 keV to 100 GeV the ilmenite concrete has lower values of mfp
than 0.24Ba0-0.36Flyash-0.40B,03, from 200 keV to 15 MeV the
ilmenite concrete has also lower values of mfp than 0.3BaO-
0.3Flyash-0.4B,05, after 15 MeV the values of mfp become slightly
higher for ilmenite concrete than 0.3Ba0-0.3Flyash-0.4B,03. The
steel-scrap concrete has higher values of mfp than all types of
glasses between 50-200 keV while it has lower values of mfp than
all types of glasses from 800 keV to 10 MeV. From 10 MeV to
100 GeV only the 0.44Ba0O-0.16Flyash-0.40B,03 glass has lower
values of mfp than steel-scrap concrete. Finally, it has been ob-
served from Fig. 4g that the steel-magnetite concrete has lower
values of mfp than all types of BaO-Flyash-B,0s3 glasses from
300 keV to 100 GeV. From the Fig. 5, it has been observed that all
types of PbO-B,05 glasses have lower values of mfp than ordinary,
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hematite-serpentine, ilmenite-limonite, basalt-magnetite and
ilmenite concretes. The steel-scrap concrete has higher values of
mfp than all PbO-B,03 glasses from 30 to 500 keV whereas it has
lower values of mfp than only 0.3Pb0-0.7B,05 glass from 1 MeV
to 100 GeV. From 60 to 300 keV, the steel-magnetite concrete
has higher values of mfp than all types of PbO-B,0s; glasses
whereas it has lower values than the PbO-B,03; glasses except
for the 0.7Pb0-0.3B,05 glass between 1 and 4 MeV and has lower
values than the PbO-B,053 glasses up to the 0.6PbO-0.4B,03 glasses
between 1 and 10 MeV. From 10 MeV to 100 GeV the steel-magne-
tite concrete has lower values of mfp than the 0.3PbO-0.7B,03 and
0.4Pb0-0.6B,053 glasses. From the Fig. 6a-c, it is seen that the total
mass attenuation coefficients of PbO-B,03, BaO-Flyash-B,03 and
BaO-P,0s5 are higher than that of commercial window glasses
[16] except for some energy regions where Compton scattering is
pre-dominating. In this energy region the total mass attenuation
coefficient seem to be independent of chemical composition and
the values of total mass attenuation coefficients are practically
the same. The energy regions where Compton scattering is pre-
dominant are 400 keV-5MeV for BaO-Flyash-B,03;, 500 keV-
4 MeV for BaO-P,05 and 1-2 MeV for PbO-B,03 glasses.
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Fig. 4. (a-g) Mean free paths of BaO-Flyash-B,05 glass and different types of concretes in the energy region of 1 keV-100 GeV.
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Fig. 6. (a—c) Total mass attenuation coefficients of heavy metal based glass systems and different types of commercial window glasses in the energy region of 1 keV-100 GeV.

4. Conclusions

From the results it can be concluded that the parameter Zy is
energy dependent and takes values lower or higher depending on
the partial photon interaction processes namely photoelectric
absorption, Compton scattering and pair production. Below
100 keV, Z,; seems to be inappropriate for estimating shielding

property due to the non-uniform variation of this parameter which
arises from K edge effects. It has been also observed that the lead
free glass systems have higher values of Z; when compared to lead
based glasses at some high energy regions even if they have lower
mean atomic numbers. When compared with some standard
shielding concretes and commercial window glasses, most of the
glass samples have lower values of mfp than concretes and the
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present glass systems have higher values of total mass attenuation
coefficients than commercial window glasses, thus confirming the
availability of using these glasses as substitutes for some shielding
concretes and commercial window glasses to improve radiation-
shielding properties in the continuous energy region (1 keV-
100 GeV).
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