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ABSTRACT: The mass attenuation coefficient (uy), half-value layer (HVL) and mean
free path for xZnO-(100-x) TeO,, where x = 10, 20, 30, and 40 mol.%, have been
measured with 0.662, 1.173 and 1.33 MeV photons emitted from **’Cs and ®Co using a
3 x 3 inch Nal(Tl) detector. Some relevant parameters, such as the effective atomic
numbers (Ze) and electron densities (Ng), of the glass samples have also been calculated
in the photon energy range of 0.015-15 MeV. Moreover, exposure buildup factors (EBF)
were estimated using the five-parameter Geometric Progression (G-P) fitting
approximation for penetration depths up to 40 times the mean free path and within the
same energy range of 0.015-15 MeV. The measured mass attenuation coefficients were
found to agree satisfactorily with the theoretical values obtained using WinXCom. The
effective atomic numbers (Z.) and electron densities (Ng) were found to be the highest
for a 40Zn0O-60TeO, glass in the energy range of 0.04-0.2 MeV. The 10Zn0-90TeO,
glass sample had lower values of gamma ray exposure buildup factors in the intermediate
energy region. These data on the radiation shielding characteristics of zinc tellurite
glasses may be useful for the design of gamma radiation shields.
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1. INTRODUCTION

High-energy gamma rays are a type of electromagnetic radiation, emitted by
radioisotopes or other radiation sources, that can travel distances of many
kilometres within seconds. Gamma ray emitting isotopes have been used
extensively in many fields, such as industry, agriculture and medicine. It is very
important to develop effective mixtures of materials that can act as shields
against such nuclear radiation.'” Materials having high atomic-number
constituents, such as tellurite (Z = 52), are widely used in radiation shields due to
their strong attenuation of X-rays, gamma rays and fast neutrons." The
preparation and modification of transparent glasses are essential for the
development of a proper radiation shield. Tellurites transmit wavelengths in the
range of 0.5 pm to 6 pm, display good mechanical and thermal stability and are
not photosensitive.”” The addition of ZnO to tellurite increases glass formation
and thermal stability.'*""

The gamma radiation shielding properties of different compounds were evaluated
using parameters, such as mass attenuation coefficient (W), half-value layer
(HVL), effective atomic number (Z.), electron density (Ng) and buildup factors
(BFs)."” The EBF refers to the exposure in the air after penetration through the
absorber or shielding material. Since a primary assessment of radiation protection
is the exposure field before and after the use of a radiation shield, exposure
buildup factors are often of more general use, with appropriate adjustments for air
exposure, to obtain the absorbed dose.”’ The build-up factor values have been
computed by various codes, such as the Geometric Progression (GP) method,"
iterative method," invariant embedding method,'®'” and Monte Carlo method."®
The American National Standards ANSI/ANS 6.4.3" used a GP fitting method
and provided build-up factor data for 23 elements, along with water, air and
concrete, at 25 standard energies in the energy range of 0.015-15 MeV, with
suitable intervals, up to a penetration depth of 40 mean free paths.

While several studies have been performed to investigate the degree of radiation
attenuation in different glass samples,”® > the radiation shielding characteristics
of the selected zinc tellurite glasses have not yet been investigated yet, which
prompted us to carry out this work. In the present work, the mass attenuation
coefficients were measured for tellurite glasses at photon energies of 0.662, 1.173
and 1.33 MeV. The effective atomic numbers (Z.¢) and electron densities (N,;) of
the glass samples were calculated in the energy range of 0.015-15 MeV. The
gamma ray exposure buildup factors (EBF) of the glass systems were computed
for penetration depths up to 40 mean free paths in the energy range of
0.015-15 MeV.
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2. EXPERIMENTAL
2.1 Sample Preparation

The glass systems made of composite XZnO-(100-x)TeO,, where X = 10, 20, 30,
and 40 mol%, were prepared by a rapid melt quenching technique using TeO,
and ZnO (99.99%). Exact mole ratios of the reactants were mixed thoroughly
with an agate mortar. The mixtures were initially heated in a ceramic crucible in
an electrical muffle furnace at 1073K for 60 min, and the melt was swirled
frequently to ensure proper mixing and homogeneity. The melt was then
quenched to room temperature. The obtained samples were annealed by
transferring them into another electrical furnace at a temperature of 623K for 4 h
and slowly cooling to room temperature to minimise the cracking and thermal
stress of the glasses.”**® The samples were prepared with different thicknesses
(0.5-1.3 cm). The relative error in the thickness was found to be £0.002 cm. The
densities of the prepared glassy samples were determined by the Archimedes
method via immersion in a liquid, such as acetone. The chemical composition of
the glass samples, densities, molar volume and thickness are listed in Table 1.

Table 1:  Chemical composition, density, molar volume (M,) and thickness of
glass samples.

Composition (mole fraction) Density M Thickness”
Sample 3 3
ZnO TeO, p(gem™) (cm” mol ) (cm)
1 10 90 5.048 + 0.050 30.067 0.523
2 20 80 5.101 £ 0.051 28.221 0.752
3 30 70 5.149 £ 0.051 26.439 0.912
4 40 60 5.181 £ 0.052 24.766 1.321

*The relative error in the thickness error was found as #0.002 cm
2.2 Measurements

The mass attenuation coefficient measurements were performed with a gamma
ray spectrometer, which employed a scintillation detector (3 % 3 inch) (Figure 1).
The hermetically sealed assembly included a high-resolution Nal (TI) crystal,
photomultiplier tube, internal magnetic/light shield, aluminium housing and a 14-
pin connector coupled to PC-MCA Canberra Accuspec. It had the following
specifications: (1) resolution 7.5%, specified at the 662 keV peak of "*'Cs; (2) an
aluminium window 0.5 mm thick, with a density of 147 mg cm?; (3) a 1.6 mm
thick reflector oxide with a density of 88 mg cm?; (4) a conical lined steel
magnetic/light shield; and (5) a +902 volt DC operating voltage. A dedicated
software program, Genie 2000 from Canberra, was used to carry out the on-line
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analysis of each measured gamma ray spectrum. The detection array was energy
calibrated using ®°Co (1173.2 and 1332.5 keV), *’Ba (356.1 keV) and "’Cs
(661.9 keV).

P 45 cm
Pb Sample
— o —>_[Amp H_Mmcea |
A
15cm
2mm
Radioactive source Na(TI) scintillation detector

Figure 1: Narrow beam experiment geometry.

The experimental mass attenuation coefficients (u,,) of the glass samples have
been measured by the well-known Beer-Lambert equation:

|
sy =20e/1) ()
pt

Where I, and I are the incident and transmitted intensities, p is the density of
material (g cm™) and t is the thickness of the absorber (cm). The glass samples
were irradiated by 0.662, 1.173 and 1.33 MeV photons from 5 pCi *’Cs and “’Co
radioactive sources. The measurements were taken for four hours and were
repeated 5 times for each sample.

3. CALCULATIONS
3.1 Effective Atomic Number and Electron Density

The total photon interaction cross section (o;) of the glasses was determined
using the mass attenuation coefficient (p,,) via the following equation:

o =t @)
A
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Where M = Y};A;n; is the molecular weight of the sample, A; is the atomic
weight of the i-th element, n; is the number of formula units of the molecule and
Ny is Avogadro's number.

The effective atomic cross section G, is calculated using the following equation:

. 3)
n

The total electronic cross section G, is calculated by:

£ A
%= L) @

where f; denotes the fractional abundance of element I, and Z; is the atomic
number of the constituent element.

The effective atomic number (Z.g) is related to o, and o, by the following
equation:

Zeff =—2 &)

The electron density (number of electrons per unit mass, [N¢]) of the sample can
be calculated by the following equation:

ZisN electrons
N = ef'(/l AZini[ . j (6)

3.2.  Buildup Factors

The logarithmic interpolation method for the equivalent atomic number (Z.,) was
used to calculate the exposure buildup factor values and the G-P fitting
parameters of the tellurite glass samples. The computation method is illustrated
step-by-step as follows:

1. Calculation of equivalent atomic number (Z,);
2. Calculation of the G-P fitting parameters; and
3. Calculation of the exposure buildup factors
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Since any single element has a fixed atomic number Z, a mixture, such as the zinc
tellurite glasses studied here, will have an equivalent atomic number (Z,), which
describes the properties the of glass systems. Because the partial interaction of a
gamma ray with a material depends on the energy, Z., is an energy dependent
parameter. Using the winXCom program,””’ the total mass attenuation
coefficient of selected ZnO-TeO, glasses and Compton partial mass attenuation
coefficient for elements from Z = 4 to Z = 50 were obtained in the energy range
of 0.015-15 MeV. The equivalent atomic number was calculated by matching the
ratio of the Compton partial mass attenuation coefficient to the total mass
attenuation coefficient of the selected glass systems with an identical ratio of a
single e13elment of the same energy. The following formula was used to interpolate
the Zeq:

; Z,(logR, —logR)+Z, (logR —logR,) o
- logR, —logR,

where Z; and Z, are the atomic numbers of the elements corresponding to the
ratios R; and R, respectively, and R is the ratio of the glass sample at a specific

energy. For example, the ratio (x/ p)Compton / (1/P) g ©f 10Zn0O-90TeO; at an
energy of 0.3 MeV is 0.635, which lies between R, = (ﬂ/p)COmpton /('u/p)total =

0.628 of Z; = 46 and Ry = (14/)compton /(#/P)ey = 0-645 of Z = 47. Using

Equation 7, Z., = 46.42 is calculated. The G-P fitting parameters are calculated
using a similar logarithmic interpolation method to that used for Z.,. The G-P
fitting parameters for the elements were taken from a report by the American
Nuclear Society.'” The G-P fitting parameters for the glass samples were
logarithmically interpolated using the same formula as follows:*'

C,(logZ, ~logZ,,)+C, (logZ, —logZ, )

C= (8)
logZ, —logZ,

where C; and C, are the values of the G-P fitting parameters corresponding to the
atomic numbers of Z; and Z,, respectively, at a given energy. The G-P fitting
parameters were used to calculate the exposure buildup factors of the glasses as
follows:**

b1/,
B(E,X) =1+ 1(K -1) for K #1 9)

B(K,X)=1+(b—1)x for K =1 (10)
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where,

X—2]—tanh(—2)

tanh[x
K(E,x)=cx*+d K
( ’X) e l—tanh(—Z)

for x <40mfp (11

where E is the incident photon energy and x is the penetration depth in mfp.
Variables a through d, along with Xy, are the G-P fitting parameters. The
variation of the parameter K with the penetration depth represents the photon
dose multiplication and a change in the shape of the spectrum.

4. RESULTS AND DISCUSSION

The density (p) and the molar volume (M,) of the investigated glasses are listed
in Table 1. It is observed that the density of the glass increased from
5.048-5.181 (g m”) with the substitution of TeO, by ZnO, while the molar
volume decreased from 30.067 to 24.766 (cm’ mol ™). The increase in density
indicates that the zinc ions entered the tellurite glass network, which is related to
the variation of the molar volume of the samples. The decrease in the molar
volume is due to the decrease in the bond length, or inter-atomic spacing,
between the atoms, which may be attributed to an increase in the stretching force
constant (216-217.5 N m ') of the bonds inside the glass network. Hence, the
radius of the Zn** (0.074 nm) ions is much smaller than that of Te** (0.097 nm),
resulting in a more compact and dense glass. The addition of ZnO is probably
caused by a change in the crosslink density and coordination number of the
Te*" ions.’!

4.1 Mass Attenuation Coefficient (L)

The experimental and theoretical values of the mass attenuation coefficients for
the four glass samples at gamma energies of 0.662, 1.173 and 1.33 MeV are
given in Table 2. The theoretical values of the mass attenuation coefficients were
calculated using WinXCom.*® The estimated error in the experimental
measurements was < 2%. It is clear from Table 2 that the mass attenuation
coefficients of the glass samples decreased with increasing gamma energy. At a
low photon energy, the most important reaction between the studied glass
samples and the gamma rays was the photoelectric effect, which decreases with
increasing gamma energy. The behaviour of the mass attenuation coefficient at
intermediate photon energies may be attributed to a Compton scattering process.
The values of the mass attenuation coefficient are dependent on the elemental
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composition and, consequently, on the glass density.”* The experimental values
(1w increased with increasing ZnO content. This behaviour may be attributed to
the addition of ZnO, which increases the glass density and decreases the molar
volume, indicating that the glass structure becomes more compact and dense. The
experimental mass attenuation coefficient values are in good agreement with the
theoretical values.

Table 2:  Theoretical (pm)xcom and experimental (Un)exp Mass attenuation coefficient
of glass systems.

0.662 MeV 1.173 MeV 1.33 MeV
Sample P x 107 (cm® g™

WinXcom Exp. WinXcom Exp. WinXcom Exp.

1 7.272 7.138 £ 5322 5216 £ 4.971 4.872
0.134 0.106 0.099

2 7.275 7.149 £ 5.347 5.239 4.998 4.898 +
0.126 0.108 0.100

3 7.279 7.142 £ 5.386 5277+ 5.037 4.936 =
0.137 0.109 0.101

4 7.28 7.139+ 5.399 5.305 % 5.050 4.949 +
0.141 0.094 0.101

4.2 HVL and MFP

The half-value layer was calculated using the linear attenuation coefficient
(in cm ™) as follows:

In(2)
U

HVL =

(12)

Where p (L= p x up) is the linear attenuation coefficient, and the values of HVL
are listed in Table 3. Figure 2 shows that the HVL values decreased with
increasing values of ZnO in the glass systems at the photon energies of 0.662,
1.173 and 1.33 MeV, which is due to an increase in the mass attenuation
coefficient and density by replacing TeO, with ZnO. As shown in Figure 2, the
half-value layer of the glass samples is lower than the corresponding values for
barite and ferrite concretes at 0.662 and 1.33 MeV photon energies.” It has been
observed that ZnO-TeO, class systems are better than concrete at absorbing
gamma rays, indicating the potential for utilising the prepared glasses as radiation
shields.
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Table 3: HVL and MFP of glass systems.

HVL (cm) MFP (cm)
Sample
0.662MeV  1.173MeV  1.330MeV  0.662MeV  1.173 MeV  1.330 MeV
1 1.893 2.590 2.773 2.73 3.74 4.00
2 1.870 2.546 2.724 2.70 3.67 3.93
3 1.852 2.509 2.684 2.67 3.62 3.87
4 1.839 2.480 2.651 2.65 3.58 3.83
4.0 ' . ; .
1.33 MeV | Barite concrete
35 | -
3.0 | _
D - — m e — — e — = — Frrite concrete |
® ® i
25 ZnO-TeO, glass
= L i
O
~ 20L -
=

Z 200 179 662 MeV 7

I Barite concrete 7

1.95 | 3
1.90 | .
b
I ® ZnO-TeO, glass |
1.85 | ° _
[
1.80 " 1 " 1 "
10 20 30 40

ZnO concentration

Figure 2: Variation of half value layer as a function of ZnO at 0.662 and 1.33 MeV
photon energy in the (o) ZnO-TeO, glass systems. Theoretical values at same
energies for barite concrete and ferrite concrete.

The values of the mean free path (MFP) (cm™') of the prepared glass samples
were obtained using the following equation:”'

MFP =1 (13)
y7,
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Table 3 shows that the values of the mean free path of the prepared glass samples
decreased with increasing ZnO content. The MFP values of the ZnO-TeO,
glasses were compared with some standard radiation shielding concretes™
(Figure 3). Figure 3 shows that the values of the mean free path are lower than
those in ilmenite, basalt-magnetite, haematite-serpentine and ordinary concretes
at 0.662, 1.173, and 1.33 MeV photon energies. This result indicates that the
glass samples are better radiation shielding materials compared with standard
shielding concretes. A material to be used as a gamma ray radiation shielding
material must have low values of HVL and MFP. Therefore, the results indicated
that ZnO-TeO, glass systems, which show lower values of HVL and MFP at
photon energy 0.662, 1.173 and 1.33 MeV, are better for gamma ray shielding.
Hence, it is thought that the prepared glass samples can be promising candidates
for non-conventional alternatives for gamma ray shielding applications.

1.33 MeV ' ' '

8 E -

IlIm entite

MFP (cm)

_‘ . . a

71 0.662 MeV -

Ordinary

o
T

4 F -

s L ZnO-TeO, glasses |
4 ® ® 1

2 " 1 " 1 "

10 20 30 40

ZnO concentration

Figure 3: Variation of mean free path as a function of ZnO oxide at 0.662, 1.173 and
1.33 MeV photon energy in the (o) ZnO-TeO, glass systems. Theoretical
values at same energies for ordinary concrete, hematite-serpentine, basalt-
magnetite and ilmentite.
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4.3 Effective Atomic Number (Z.s) and Electron Density (N.)

The effective atomic number (Z.¢r) and electron density (Ng) of the glass samples
in the energy range of 0.015—15 MeV are presented in Table 4. Equations 5 and 6
have been used, respectively, to calculate the effective atomic number (Z.¢) and
electron density (N.)). The variation of Z.¢ with photon energy for all interaction
processes in the glasses is shown in Figure 4. It can be observed that initially, the
photoelectric interaction dominates and the effective atomic number remains
almost constant in the energy range of 0.015-0.03 MeV. Then, it starts increasing
and reaches a maximum at 0.04 MeV. Finally, it decreases sharply with
increasing energy up to 1 MeV, which indicates that the Compton scattering
process begins to occur. In the intermediate energy region (0.6-2 MeV), the Z.
values have been found to be almost constant for the selected materials, which
clearly indicates that the Compton scattering cross section depends only on the
energy and is almost independent of the composition of the materials. Finally, the
effective atomic number increased with increasing photon energy. This is due to
the domination of the pair production process, whose cross section is proportional
with Z*. Figure 4 shows that in the photon energy range 0.04-0.6 MeV, the
10Zn0-90TeO, glass sample has the highest effective atomic number. The
variation of electron density when investigating glass systems with photons in the
range of 0.015-15 MeV have demonstrated the same behaviour of Z.¢ as shown
in Figure 5.

60
L —&—10Zn0O
55k —e—20Zn0
——30Zn0

—/x—40Zn0
50 :

PR TPy |
107 10 10° 10’ 10
Photon energy (MeV)

Figure 4: The variation of Z.swith photon energy of glass samples.



Radiation Shielding Properties 108

Table 4:  Effective atomic number (Z.y) and electron density (Ng) X 10% of glass

samples.
10ZnO 20ZnO 30Zn0O 40ZnO
Energy (MeV)
Zegr Nl Zegy Ne Zegr Nl Zegy Nei

0.015 33.087 4.134 35.074 4382 37.062 4.631 39.050 4.879
0.02 32977 4.120 34995 4372 37.012 4.624 39.029 4.876
0.03 32.859 4.106 34.816 4.350 36.773 4.595 38.730 4.839
0.04 57.927 7.238 53.289 6.658 48.652 6.079 44.014 5.499
0.05 57.667 7.205 52995 6.621 48322 6.038 43.650 5.454
0.06 56.989 7.120 52355 6.541 47.722 5963 43.089 5.384
0.08 54.585 6.820 50.205 6.273 45.826 5.726 41.447 5.179
0.1 51.195 6.397 47.233 5901 43270 5406 39.308 4911
0.15 41.771 5219 39.046 4.879 36.320 4.538 33.594 4.197
0.2 34468 4307 32.734 4.090 31.001 3.873 29.268 3.657
0.3 27.043 3379 26336 3.291 25.629 3.202 24923 3.114
0.4 24179 3.021 23.873 2983 23.567 2.945 23261 2.906
0.5 22.891 2.860 22.767 2.845 22.643 2.829 22520 2.814
0.6 22229 2777 22200 2.774 22170 2.770 22.141 2.766
0.8 21.596 2.698 21.657 2.706 21.718 2.714 21.779 2.721
1 21310 2.663 21412 2675 21.514 2.688 21.616 2.701
1.5 21.185 2.647 21312 2663 21.439 2.679 21.566 2.695

2 21.505 2.687 21.608 2.700 21.710 2.713 21.813 2.725
3 22.548 2.817 22567 2.820 22.585 2.822 22.604 2.824
4 23.681 2959 23.609 2950 23.537 2941 23.465 2932
5 25.720 3.214 25491 3.185 25.262 3.156 25.033 3.128
6 27.353 3.418 27.001 3374 26.649 3.330 26.297 3.286
8 28.649 3.579 28.198 3.523 27.747 3.467 27297 3.411
10 30.887 3.859 30.259 3.781 29.632 3.702 29.004 3.624
15 33.087 4.134 35.074 4382 37.062 4.631 39.050 4.879
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Figure 5: The variation of N with photon energy of glass samples.
4.4 Gamma Ray Buildup Factors of the Glass Samples
4.4.1 Photon energy dependence

The calculated equivalent atomic numbers (Z.y) and EBF G-P fitting parameters
for the glass samples in the energy range of 0.015-15 MeV are shown in Tables
5-8. Figure 6 shows the variation in the exposure buildup factor with photon
energy for the glass samples at different penetration depths. It is observed that the
exposure (EBF) buildup factors of the glass samples are small at both low and
high energies. This may be attributed to the absorption processes, photoelectric
effect and pair-production dominating at the low and high energy regions,
respectively, in which photons are completely absorbed or removed. A sharp
peak in the EBF values was observed at 40 keV as shown in Figure 6, which may
be due to the K-absorption edge of Te at approximately 31.8 keV. Around the
K-edge of high-Z elements, the mass attenuation coefficients jump to very large
values at the upper side of the K-edge, and the element exhibits two mass
attenuation coefficients, corresponding to the lower and upper sides of the edge.
This abrupt change in the mass attenuation coefficient could lead a sharp peak in
the buildup factor. The EBF values increase with increasing photon energies and
show a maximum at 0.8 MeV due to multiple Compton scattering at intermediate
energies. In Compton scattering, photons are not completely removed, but rather
they lose energy. Finally, the EBF values begin to decrease upon further
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increases in the photon energy up to 8 MeV due to pair production. We found
that EBF values increased at a high energy (>8 MeV) for all of the glass samples
and showed increasing penetration depths, which might be due to the increase in
multiple scattering as the penetration depth increased. The EBF values were
found to be in the range of 1.005-4180.6, 1.004—2730.3, 1.004—1741.2 and
1.004-1073.1 for the 10ZnO, 20ZnO, 30ZnO, and 40ZnO glass samples,
respectively. The dependence on the chemical composition agreed with what was
observed elsewhere.™*

Table 5:  Equivalent atomic number (Z.) and G-P exposure (EBF) buildup factor
coefficients for 10Zn0-90TeO, glass sample.

EBF
Energy (MeV) Zeg 5 . ) X, p

0.015 24.78 1.005 1.385 —0.449 5.861 0.312
0.02 24.89 1.013 0.182 0.547 11.307 —0.528
0.03 25.12 1.032 0.374 0.195 26.998 —-0.291
0.04 44.48 3.820 0.618 0.091 24.341 —0.063
0.05 44.90 3.254 0.212 —0.088 13.814 —0.056
0.06 45.19 2.634 0.101 0.628 12.258 —-0.109
0.08 45.57 1.730 0.026 0.788 14.892 —-0.208
0.1 45.81 1.276 0.179 0.488 13.770 -0.238
0.15 46.16 1.229 0.401 0.231 14.165 —-0.126
0.2 46.35 1.353 0.506 0.172 14.477 —-0.095
0.3 46.58 1.480 0.682 0.095 14.336 —0.047
0.4 46.70 1.601 0.828 0.054 14.156 -0.039
0.5 46.78 1.672 0.912 0.033 14.163 —0.031
0.6 46.84 1.702 0.968 0.017 13.990 -0.022
0.8 46.88 1.728 1.026 0.002 14.064 -0.016
1 46.90 1.721 1.052 -0.004 13.430 -0.014
1.5 46.12 1.595 1.140 -0.025 10.981 —-0.002
2 44.16 1.588 1.122 -0.020 12.758 —0.006
3 41.70 1.558 1.065 0.000 12.828 -0.028
4 40.76 1.508 1.023 0.015 13.324 —0.041
5 40.25 1.514 0.950 0.042 13.552 —0.066
6 39.90 1.487 0.931 0.052 13.738 -0.074
8 39.49 1.501 0.892 0.073 14.042 -0.091
10 39.28 1.464 0.964 0.056 14.156 -0.075

15 39.18 1.501 1.090 0.038 14.220 —0.061
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Table 6: Equivalent atomic number (Z.) and G-P exposure (EBF) buildup factor
coefficients for 20Zn0O-80TeO, glass sample.

EBF
Energy (MeV) Zeg " . N X 1
0.015 25.11 1.004 1.432 -0.477 5.791 0.323
0.02 25.22 1.012 0.166 0.569 11.332 —-0.555
0.03 25.44 1.030 0.374 0.193 27.873 -0.301
0.04 42.90 3.896 0.431 0.089 23.728 —0.043
0.05 43.34 3.177 0.120 —-0.209 12.835 0.003
0.06 43.66 2.528 0.055 0.851 14.732 -0.127
0.08 44.05 1.701 0.029 0.779 14.687 -0.228
0.1 4431 1.231 0.225 0.412 13.762 -0.207
0.15 44.70 1.233 0.431 0.211 14.252 -0.113
0.2 4491 1.392 0.509 0.172 14.417 —-0.096
0.3 45.17 1.512 0.697 0.091 14.382 —-0.046
0.4 45.31 1.633 0.846 0.050 14.163 —-0.037
0.5 45.39 1.700 0.930 0.028 14.210 —-0.029
0.6 45.44 1.728 0.984 0.013 13.976 —-0.021
0.8 45.49 1.749 1.039 —-0.001 14.052 —-0.015
1 45.52 1.738 1.063 —-0.007 13.430 —-0.013
1.5 44.64 1.605 1.147 -0.027 9.640 —-0.001
2 42.47 1.598 1.126 -0.021 12.651 —0.006
3 39.95 1.565 1.064 —-0.001 12.755 —-0.026
4 39.00 1.513 1.023 0.015 13.272 —-0.039
5 38.50 1.510 0.958 0.039 13.512 —0.061
6 38.17 1.479 0.940 0.048 13.668 —0.069
8 37.77 1.480 0.901 0.068 13.964 —0.086
10 37.57 1.438 0.964 0.054 14.120 —-0.072

15 37.47 1.455 1.072 0.040 14.259 —0.061
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Table 7:  Equivalent atomic number (Z.) and G-P exposure (EBF) buildup factor
coefficients for 30Zn0O-70TeO, glass sample.

EBF
Energy (MeV) Zeg b . . X, 1
0.015 25.41 1.004 1.477 -0.504 5.725 0.333
0.02 25.53 1.012 0.152 0.590 11.355 -0.579
0.03 25.74 1.029 0.374 0.191 28.675 -0.310
0.04 41.31 3.811 0.322 0.095 22.971 -0.035
0.05 41.75 3.077 0.043 —0.308 11.975 0.053
0.06 42.08 2414 0.007 1.091 17.382 —-0.147
0.08 42.49 1.671 0.032 0.770 14.470 —0.249
0.1 42.77 1.183 0.275 0.331 13.754 -0.173
0.15 43.17 1.238 0.464 0.191 14.346 -0.100
0.2 43.38 1.434 0.511 0.173 14.352 —-0.098
0.3 43.67 1.548 0.714 0.086 14.432 —0.044
0.4 43.81 1.667 0.866 0.045 14.170 —-0.036
0.5 43.93 1.731 0.951 0.023 14.261 -0.027
0.6 43.97 1.756 1.000 0.009 13.961 -0.020
0.8 44.04 1.771 1.053 —-0.004 14.039 -0.014
1 44.02 1.757 1.075 —0.009 13.430 -0.012
1.5 42.93 1.616 1.155 -0.029 8.171 0.000
2 40.79 1.609 1.127 -0.021 12.312 —-0.005
3 38.19 1.572 1.063 —-0.001 12.678 -0.025
4 37.27 1.518 1.023 0.014 13.218 —-0.037
5 36.44 1.505 0.966 0.035 13.472 —-0.056
6 36.44 1.471 0.949 0.043 13.595 —-0.063
8 36.12 1.458 0912 0.063 13.884 —0.081
10 35.89 1411 0.964 0.052 14.082 -0.070

15 35.80 1.408 1.054 0.042 14.298 —0.062




Journal of Physical Science, Vol. 27(3), 97-119, 2016 113

Table 8: Equivalent atomic number (Z.) and G-P exposure (EBF) buildup factor
coefficients for 40Zn0O-60TeO, glass sample.

EBF
Energy (MeV) Zeg b . N X q
0.015 25.70 1.004 1.518 -0.528 5.664 0.342
0.02 25.82 1.012 0.138 0.608 11.377 —0.602
0.03 26.03 1.020 0.374 0.190 29.160 -0.314
0.04 39.66 3.492 0.323 0.111 21.988 —0.042
0.05 40.11 2.856 0.077 -0.248 12.075 0.031
0.06 40.44 2.275 0.041 1.015 17.114 -0.147
0.08 40.85 1.626 0.064 0.724 14.368 —-0.245
0.1 41.13 1.165 0312 0.283 13.758 -0.152
0.15 41.55 1.249 0.495 0.172 14.407 —0.089
0.2 41.79 1.477 0.518 0.171 14.281 —-0.098
0.3 42.08 1.587 0.732 0.080 14.487 —-0.043
0.4 42.24 1.705 0.888 0.039 14.179 —-0.034
0.5 42.34 1.766 0.973 0.017 14.318 —-0.024
0.6 42.40 1.788 1.019 0.005 13.944 -0.019
0.8 42.47 1.796 1.068 —-0.007 14.024 -0.013
1 42.49 1.777 1.088 -0.012 13.430 -0.011
1.5 41.41 1.628 1.162 —-0.030 7.557 0.001
2 38.94 1.620 1.126 -0.021 11.860 —0.005
3 36.42 1.580 1.063 —-0.002 12.597 —-0.023
4 35.53 1.524 1.023 0.013 13.161 —-0.035
5 35.08 1.500 0.974 0.031 13.429 —-0.051
6 34.78 1.462 0.959 0.039 13.519 —0.058
8 34.44 1.436 0.922 0.058 13.802 —-0.075
10 34.26 1.385 0.963 0.050 14.045 —-0.067

15 34.17 1.360 1.035 0.044 14.338 —0.062




Radiation Shielding Properties 114

10° 10*
10Zn0-90TeO, N mfp 20Zn0-80TeO, mfp

10°

10°
w &
w w
10'
10°
10?
10*
—0—10
3 3 —A—20
10 10 /o ®
10’ 10° &
(' w L
2 00008 @ S000s 4
YOV JAAAAL L K
9 A
10k A 500-00- 0 10k 7 90-00.0 o
e Lmmaiio
e Woa gy e "S-
I v,
100 3 O 'l ] 'l 100 3 O 'l ] 'l
10? 10" 10’ 10' 10° 10? 10" 10’ 10' 10°
Photon energy (MeV) Photon energy (MeV)

Figure 6: The exposure buildup factor (EBF) for the glass samples in the energy region
0.015-15 MeV at different penetration depth.

4.4.2 Penetration depth dependency

Figure 7 shows the variation of the EBF with penetration depth for four incident
photon energies (0.015, 0.15, 1.5, and 15 MeV). It is clear that the of EBF values
increased with increasing penetration depth for the glass samples. At low
penetration depths, up to 3 mfp and 0.15 MeV incident photon energy, the EBF
values remained constant with increasing ZnO content. At a photon energy of 1.5
MeV, the EBF values remained constant with increasing ZnO content and
penetration depths up to 20 mfp. This may be due to the domination of

photoelectric absorption, which depends on Z:q_ > at photon energies below 0.15

MeV. In the high photon energy region (>2 MeV), another absorption process,
pair and triplet production, overwhelms the Compton scattering.
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Figure 7: The exposure buildup factor for the glass samples up to 40 mfp at 0.015, 0.15,
1.5, 15 MeV.

5. CONCLUSION

The mass attenuation coefficient (L), half-value layer (HVL) and mean free path
for XZnO-(100-xX)TeO, glasses, where X = 10, 20, 30 and 40 mol.%, have been
measured for 0.662, 1.173 and 1.33 MeV emitted from *’Cs and “Coby using a
3 x 3 inch Nal(T1) detector. The experimental mass attenuation coefficients were
found to decrease with increasing gamma ray energy and increase with increasing
ZnO concentration. The half-value layer and mean free path at selected photon
energies increased with increasing gamma energy and decreased with increasing
ZnO concentration. The results show that the values of the mean free path of
glass samples are lower than those of ilmenite, basalt-magnetite, haematite-
serpentine, and ordinary concretes at photon energies of 0.662, 1.173, and 1.33
MeV. The effective atomic numbers (Z.) and electron densities (Ng) of the glass
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samples were calculated in the photon energy range of 0.015-15 MeV and were
found to be clearly energy dependent. The G-P fitting method has been used for
the calculation of the exposure and buildup factors of the glass samples in the
energy range 0.015-15 MeV up to 40 penetration depths. The 10Zn0-90TeO,
glass sample was found to have lower values of the gamma ray exposure buildup
factor in the intermediate energy region. The EBF was found to be energy and
penetration depth dependent as well.
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