Bull. Mater. Sci., Vol. 40, No. 4, August 2017, pp. 841-857

© Indian Academy of Sciences

DOI 10.1007/s12034-017-1425-x

@ CrossMark

Study of gamma radiation shielding properties of ZnO—TeO,

glasses

SHAMS A M ISSAL2* M I SAYYED? and MURAT KURUDIREK?
IPhysics Department, Faculty of Science, Al-Azhar University, Cairo, Egypt

ZPhysics Department, Faculty of Science, University of Tabuk, Tabuk, Saudi Arabia
3Department of Physics, Faculty of Science, Ataturk University, 25240 Erzurum, Turkey
*Author for correspondence (shams_issa@yahoo.com)

MS received 28 May 2016; accepted 24 October 2016; published online 25 July 2017

Abstract. Mass attenuation coefficient (i), half value layer (HVL) and mean free path (MFP) for xZnO—(100—x)
TeO,, where x = 10, 15, 20, 25, 30, 35 and 40 mol%, have been measured for 0.662, 1.173 and 1.33 MeV photons emitted
from 137Cs and %°Co using a 3 x 3 inch Nal(Tl) detector. Some relevant parameters such as effective atomic numbers
(Zefr) and electron densities (Ng) of glass samples have been also calculated in the photon energy range of 0.015-15MeV.
Moreover, gamma-ray energy absorption buildup factor (EABF) and exposure buildup factor (EBF) were estimated using a
five-parameter Geometric Progression (GP) fitting approximation, for penetration depths up to 40 MFP and in the energy
range 0.015-15MeV. The measured mass attenuation coefficients were found to agree satisfactorily with the theoretical
values obtained through WinXcom. Effective atomic numbers (Zcr) and electron densities (Nej) were found to be the
highest for 40ZnO—60TeO; glass in the energy range 0.04-0.2MeV. The 10ZnO—90TeO; glass sample has lower values
of gamma-ray EBFs in the intermediate energy region. The reported new data on radiation shielding characteristics of zinc
tellurite glasses should be beneficial from the point of proper gamma shield designs when intended to be used as radiation

shields.
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1. Introduction

High-energy gamma rays are a type of electromagnetic radi-
ation taking place in environment via radioisotopes or other
radiation sources and they can be transferred anywhere so fast
and cover distances of kilometers within seconds. Gamma-
ray isotopes have been used excessively in many fields such
as industry, agriculture and medicine. It is very important
to develop effective radiation shielding materials by the for-
mation of a mixture of materials as a shield against nuclear
radiation [1-3]. The materials having high-atomic-number
constituents such as tellurites (Z = 52) are the choice of
radiation shields due to high attenuation of X-ray, gamma
ray and fast neutrons [4]. The preparation and modification
of transparent glass are essential for the development of a
proper radiation shield. Tellurites transmit wavelength range
from 0.5 to 6 pum, display mechanical and thermal stability and
are not photosensitive [5-9]. The addition of ZnO to tellurite
increases the glass formation and thermal stability [10,11].
Gamma radiation shielding properties of different com-
pounds were evaluated using parameters such as mass atten-
uation coefficient (i), half value layer (HVL), effective
atomic number (Z.), electron density (V) and buildup fac-
tors (BFs) [12]. The exposure buildup factor (EBF) stands

Mass attenuation coefficient; effective atomic number; electron density; exposure buildup factors; tellurite

for exposure in air after penetration through the absorber
or shielding material. Since a primary assessment in radia-
tion protection is the exposure field before and after use of a
radiation shield, EBFs are of more general use with appropri-
ate adjustments of the air exposure to obtain absorbed dose
[13]. The buildup factor values have been computed by vari-
ous codes such as Geometric Progression (GP) method [14],
iterative method [15], invariant embedding method [16,17]
and Monte Carlo method [18]. American National Standards
ANSI/ANS 6.4.3 [19] used GP fitting method and provided
buildup factor data for 23 elements, water, air and concrete at
25 standard energies in the energy range 0.015-15MeV with
suitable interval up to the penetration depth of 40 mean free
paths (MFPs).

While several studies have been made in order to investigate
the radiation attenuation in different glass samples [20-25],
the radiation shielding characteristics of the selected zinc tel-
lurite glasses have not been investigated yet. This prompted
us to carry out this work. In the present work, the mass atten-
uation coefficients have been measured for tellurite glasses at
photon energies 0.662, 1.173 and 1.33 MeV. Effective atomic
numbers (Z.s) and electron densities (Ng) of glass sam-
ples have been calculated in the energy range 0.015-15MeV.
Gamma-ray energy absorption buildup factor (EABF) and
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EBF of glass systems were computed for penetration depths
up to 40 MFP and in the energy range 0.015-15MeV.

2. Experimental

2.1 Sample preparation

A glass system of composite xZnO—(100—x)TeO3; where
x = 10, 15, 20, 25, 30, 35 and 40 mol% was prepared by
the rapid melt quenching technique using chemicals TeO;
and ZnO (99.99%). Reactants taken in exact mole ratios
were mixed thoroughly in an agate mortar. The mixtures
were initially heated in a ceramic crucible kept in an elec-
trical muffle furnace at 1073 K for 60 min and the melt was
swirled frequently to ensure proper mixing and homogene-
ity. The melt was then quenched to room temperature. The
obtained samples were annealed by transferring them into
another electrical furnace at a temperature of 623 K for 4 h
and slowly cooled to room temperature to minimize cracking
and thermal stresses of the glasses [26—28]. 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 densi-
ties of prepared glassy samples were determined by a simple
Archimedes method using an immersing liquid such as ace-
tone. The chemical composition of glass samples, densities,
molar volume and thickness are listed in table 1.
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2.2  Measurements

Mass attenuation coefficient measurements were performed
using a gamma-ray spectrometer, employing a scintillation
detector (3 x 3 inch) (figure 1). Its hermetically sealed
assembly includes a high-resolution Nal(TI) crystal, photo-
multiplier tube, an internal magnetic/light shield, aluminium
housing and a 14-pin connector coupled to a PC-MCA Can-
berra Accuspes. It has the following specifications: (1) 7.5%
resolution specified at the 662keV peak of '37Cs, (2) alu-

minium window 0.5mm thick and density 147 mgcm—2,

(3) reflector oxide 1.6mm thick and density 88 mgecm™2,
(4) magnetic/light shield—Co-NETIC-lined steel and (5)
operating voltage positive 902V (DC). A dedicated soft-
ware program, Genie 2000 from Canberra, was used to
carry out the on-line analysis of each measured gamma-ray
spectrum. The detection array was energy calibrated using
0Co (1173.2 and 1332.5keV), '3*Ba (356.1keV) and *’Cs
(661.9keV).

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

In (Io/1)

m ’

ot ey

where Iy and I are the incident and transmitted intensities,
p is density of the material (g cm™>) and ¢ is the thickness

Table 1. Chemical composition, density, molar volume (My) and thickness of glass sam-
ples.
Composition (mole fraction) Density M, Thickness*
Sample no. ZnO TeO, p (gcm™3) (cm® mol~1) (cm)
1 10 90 5.048 £ 0.050 30.067 0.523
2 15 85 5.063 £ 0.051 29.205 0.633
3 20 80 5.101 £ 0.051 28.221 0.752
4 25 75 5.111 £0.051 27.401 0.834
5 30 70 5.149 £ 0.051 26.439 0.912
6 35 65 5.161 £ 0.052 25.620 1.254
7 40 60 5.181 £0.052 24.766 1.321
*The relative error in thickness was found to be £0.002 cm.
< 45 cm >
Pb collimator Pb collimator
Sample
..... I TR
I 4.
15 cm I_ EHT
2 mm Na(TI) scintillation detector

Radioactive source

Figure 1. Narrow-beam experiment geometry.
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Table 2. Theoretical (j4m)xcom and experimental (iim)exp mass attenuation coefficient of glass systems.

fim x 1072 (em? g1

0.662MeV 1.173MeV 1.33MeV

Sample no.  WinXcom Exp. WinXcom Exp. WinXcom Exp.

1 7.272 7.138 £0.134 5.322 5.216 £ 0.106 4971 4.872 4+0.099
2 7.274 7.156 +£0.118 5.335 5.227£0.108 4.984 4.884 4+ 0.100
3 7.275 7.149 £0.126 5.347 5.239+£0.108 4.998 4.898 +0.100
4 7.276 7.127 £0.149 5.360 5.258 £0.102 5.011 4.91140.100
5 7.278 7.1354+0.143 5.373 5.276 £0.097 5.024 4.924 4+ 0.100
6 7.279 7.142 £0.137 5.386 5.277 £0.109 5.037 4.936 £0.101
7 7.28 7.139 £0.141 5.399 5.305 £ 0.094 5.050 4.949 £ 0.101
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Table 3. Experimental half value layer (HVL) and mean free path (MFP) of glass systems.

HVL (cm) MFP (cm)

Sample no. 0.662MeV  1.173MeV  1.330MeV  0.662MeV  1.173MeV  1.330MeV

1 1.893 2.590 2.773 2.73 3.74 4.00

2 1.885 2.572 2.754 2.72 3.71 3.97

3 1.870 2.546 2.724 2.70 3.67 3.93

4 1.866 2.534 2.711 2.69 3.66 3.91

5 1.852 2.509 2.684 2.67 3.62 3.87

6 1.847 2.497 2.670 2.66 3.60 3.85

7 1.839 2.480 2.651 2.65 3.58 3.83
of the absorber (cm). The glass samples were irradiated by 1 fiA;

. 1 1
0.662, 1.173 and 1.33MeV photons from 5 uCi '*’Cs and Op = — Z —— (m);, 4
Na - Z;

%0Co radioactive sources. The measurements were taken for
4 h and were repeated 5 times for each sample.

3. Calculations

3.1 Effective atomic number and electron density

Total photon interaction cross-section (o;) of the glasses is
determined with the help of the mass attenuation coefficient
(pm) through the following equation:
M
o ==, @)
Na

where M = )", A;n; is the molecular weight of the sample,
A; is the atomic weight of the ith element, n; the number of
formula units of a molecule and N4 is Avogadro’s number.

Effective atomic cross-section o, is calculated using the
following equation:

Oy

_Zi”i.

Total electronic cross-section o, is calculated using the rela-
tion

3

Oq

where f; denotes the fractional abundance of the element i
and Z; the atomic number of constituent element.

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

Ucl
Leff = —. (5)
o

e

Electron density (number of electrons per unit mass, Nj) of
the sample can be calculated from the relation

Ne = % Z n; (electron g’l) . (6)

3.2 Buildup factors

The logarithmic interpolation method from the equivalent
atomic number (Z¢q) was used to calculate EBF values and
the GP fitting parameters of the tellurite glass samples. Com-
putations are illustrated step by step as follows:

a. calculation of equivalent atomic number (Z.g);
b. calculation of GP fitting parameters and
c. calculation of EBFs.
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A single element has atomic number Z; the zinc tellurite
glasses have an equivalent atomic number (Zq) that describes
the properties of glass systems. Because the gamma-ray par-
tial interaction processes with material depend on the energy,
Zeq is an energy-dependent parameter. Using the winXCom
program [29,30], the total mass attenuation coefficient of
selected ZnO-TeO, glasses and Compton partial mass attenu-
ation coefficient for elements from Z = 4 to 50 were obtained
in the energy range 0.015-15MeV. The equivalent atomic
number has been calculated by matching the ratio of Compton
partial mass attenuation coefficient to the total mass attenua-
tion coefficient of selected glass systems with identical ratio
of a single element of the same energy. The following formula
was used to interpolate the Zq [31]:

7 Z (logR, —logR) + Z> (logR — log Ry)
eq — P

logR, — logR;
(N

where Z; and Z, are the atomic numbers of elements cor-
responding to the ratios R; and R,, respectively, and R is
the ratio of the glass samples at a specific energy. For exam-
ple the ratio (/-’L/p)Compton / (M/p)tolal of 10Zn0O — 9OT602
at the energy of 0.3MeV is 0.635, which lies between
Ry = (/‘L/p)Compton/(/“L/p)total = 0.628 of Z; = 46 and

R, = (H’/p)Complon/(lu’/IO)tolal = 0.645 of Z = 47, USiIlg
equation (7), Zeq = 46.42 is calculated.

GP fitting parameters are calculated in a same way of log-
arithmic interpolation method for Zc.

The GP fitting parameters for the elements were taken from
the report by American Nuclear Society [19]. The GP fitting
parameters for the glass samples were logarithmically inter-
polated using the same formula as follows [31]:

Cy (log22 — logZeq) + Cy (lOgZeq — long)
logZ, —logZ,

C =

’

®)

where C; and C, are the values of the GP fitting parameters
corresponding to the atomic numbers Z; and Z,, respectively,
at a given energy.

The GP fitting parameters were used to calculate the EBFs
of glasses as follows [32]:

b—1
B(E,X):l+ﬁ(l("—1) for K #1, (9)
B(K,X)=1+(kh—-1)x forK =1, (10

where

tank ((x/Xy) — 2) — tanh (—2)
1 —tanh (—2)

K(E,x)=cx+d

for x <40 MFP, (11)
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Figure 2. Variation of half value layer as a function of ZnO oxide
at(0.662 and 1.33 MeV photon energy in the (filled circle) ZnO-TeO;
glass systems. Theoretical values at the same energies for (red line)
barite concrete and (green line) ferrite concrete.
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Figure 3. Variation of mean free path as a function of ZnO con-
centration at 0.662, 1.173 and 1.33 MeV photon energy in the (filled
circle) ZnO-TeO; glass systems. Theoretical values at the same
energies for (pink line) ordinary concrete, (blue line) hematite-
serpentine, (green line) basalt-magnetite and (red line) ilmentite.
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Table 4. Effective atomic number (Zr) and electron density (Nej X 10%3) of glass samples.

10ZnO 15ZnO 20ZnO 257Zn0O 30ZnO 357Zn0O 40ZnO
Energy (MeV)  Zeg Nei Zefr Nei Zeft Nel Zefp Nei Zeft Ne Zeft Nei Zeft Nei
0.015 33.087 4.134 34.081 4.258 35.074 4.382 36.068 4.507 37.062 4.631 38.056 4.755 39.050 4.879
0.02 32.977 4.120 33986 4.246 34995 4.372 36.003 4.498 37.012 4.624 38.021 4.750 39.029 4.876
0.03 32.859 4.106 33.838 4.228 34816 4.350 35.795 4.472 36.773 4.595 37.752 4.717 38.730 4.839
0.04 57.927 7.238 55.608 6.948 53.289 6.658 50971 6.368 48.652 6.079 46.333 5.789 44.014 5.499
0.05 57.667 7.205 55.331 6913 52995 6.621 50.659 6.329 48.322 6.038 45986 5.746 43.650 5.454
0.06 56.989 7.120 54.672 6.831 52.355 6.541 50.039 6.252 47.722 5963 45406 5.673 43.089 5.384
0.08 54.585 6.820 52.395 6.546 50.205 6.273 48.016 5999 45826 5.726 43.637 5.452 41.447 5.179
0.1 51.195 6.397 49.214 6.149 47233 5901 45252 5.654 43270 5.406 41.289 5.159 39.308 4911
0.15 41.771 5.219 40.408 5.049 39.046 4.879 37.683 4.708 36.320 4.538 34.957 4.368 33.594 4.197
0.2 34468 4.307 33.601 4.198 32.734 4.090 31.868 3.982 31.001 3.873 30.134 3.765 29.268 3.657
0.3 27.043 3.379 26.690 3.335 26.336 3.291 25983 3.246 25.629 3.202 25.276 3.158 24923 3.114
0.4 24.179 3.021 24.026 3.002 23.873 2.983 23.720 2.964 23.567 2945 23.414 2925 23.261 2.906
0.5 22.891 2.860 22.829 2.852 22767 2.845 22705 2.837 22.643 2.829 22581 2.821 22520 2.814
0.6 22229 2777 22214 2776 22200 2.774 22.185 2.772 22.170 2.770 22.156 2.768 22.141 2.766
0.8 21.596 2.698 21.626 2.702 21.657 2.706 21.688 2.710 21.718 2.714 21.749 2717 21.779 2.721
1 21.310 2.663 21.361 2.669 21412 2.675 21.463 2.682 21.514 2.688 21565 2.694 21.616 2.701
1.5 21.185 2.647 21.249 2.655 21.312 2.663 21376 2.671 21.439 2.679 21.503 2.687 21.566 2.695
2 21.505 2.687 21.557 2.693 21.608 2.700 21.659 2.706 21.710 2.713 21.762 2719 21813 2.725
3 22.548 2.817 22.557 2818 22567 2.820 22576 2.821 22.585 2.822 22595 2.823 22.604 2.824
4 23.681 2959 23.645 2954 23.609 2950 23.573 2.945 23.537 2941 23.501 2.936 23.465 2.932
5 25720 3.214 25.606 3.199 25491 3.185 25377 3.171 25.262 3.156 25.148 3.142 25.033 3.128
6 27.353 3.418 27.177 3.396 27.001 3.374 26.825 3.352 26.649 3.330 26473 3.308 26.297 3.286
8 28.649 3.579 28.423 3.551 28.198 3.523 27973 3.495 27.747 3.467 27.522 3.439 27297 3411
10 30.887 3.859 30.573 3.820 30.259 3.781 29.945 3.742 29.632 3.702 29.318 3.663 29.004 3.624
15 33.087 4.134 34.081 4.258 35.074 4.382 36.068 4.507 37.062 4.631 38.056 4.755 39.050 4.879
60 8
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Figure 4. The variation of Z.g with photon energy of glass sam-
ples.

where E is the incident photon energy and x is the penetration
depth in MFP; a —d and X, are the GP fitting parameters. The
variation of the parameter K with penetration depth represents
the photon dose multiplication and a change in the shape of
the spectrum.

Figure 5. The variation of N¢| with photon energy of glass sam-
ples.

4. Result and discussion

The density (o) and the molar volume (M) of the investigated
glasses are listed in table 1. It is observed that the den-
sity of glass increases from 5.048 to 5.181 (g m~>) with the



S A M Issa et al

846

180°0— 6LE T 2900 700°1 LSE'T [190°0— 0cevl 8€0°0 060°1 10S°1 81'6¢ Sl
£€60°0— IveETI 6L0°0 2680 6LE’l SLOO— 9CIvl 9¢0°0 960 YoVl 8C6¢ 0l
cIro— oSyl 6600 0¢80 8Pl 160°0— ol €L0°0 7680 10S°1 o67'6¢ 8
€01'0— [80h4! 9800 [S30] 961" 1 7L0°0— 8EL'CI 2S00 1€6°0 L8Y'1 06'6¢ 9
S60°0— €8¢l 960°0 168°0 9661 990°0— cssel w00 0560 141! SToy S
1L0°0— COC' €l 0S0°0 S16°0 S6S'1 1¥0'0— yeeel S10°0 €20'1 80S°1 9L 0% 14
9¢0°0— colel €€0°0 8S6°0 6IL'1 8C0°0— 8C8'CI 000°0 S90'1 8SS°1 oL’ 1v €
8C0'0— 80°¢l L00°0 ce0'l 0S8°1 900°0— 8SL'CI 0¢0'0— el 88C°1 9I'vv C
020'0— CLSEl €00°0— 290°1 8Co6'1 200°0— 18601 §20'0— orl'1 S6S'1 Loy Sl
[70°0— SIS¢El 6¢0°0 9%6°0 66C'C 710°0— oerel 700°0— 2S0'1 [TL'1 0691 [
6v0°0— 1¥9°¢l €v0°0 2060 90¥'C 910°0— 79011 2000 920°1 SCL'1 88°9% 80
90°0— IvL €l 6900 6180 wr'C 00— 066°¢l LT00 896°0 oL'1 891 90
LLOO— [88°¢C1 2600 €SL0 [6¥'C [€0°0— €91'¥vI1 €€0°0 2160 CL9'1 8L'9Y <0
001°0— 988°¢l €10 6£9°0 Yev'e 6£0°0— 9CIvl €0°0 8780 109°1 0L9% 70
601°0— LI6'ET 9810 861°0 LOT'C LY0'0— 9¢E V1 <600 7890 081 8S9F €0
61°0— 896°¢l €20 €620 606°1 S60°0— LLY' V1 L0 9050 €6el (S04 0
10C°0— 0L6'el £9¢°0 SYTo vl 9CI'0— S 4l 1€C0 10%°0 6CC'1 9191 S0
€97°0— 109°¢l €610 191°0 SoT'1 8€T0— OLL €l 88170 6L1°0 9LT'1 18°St 10
8CT0— velvl 8¥9°0 6S0°0 4% 80C°0— 6811 88L°0 9200 0cL’1 LSSy 80°0
880°0— IPSLT 0ey’0 121°0 8’1l 601°0— 86T CI 8790 10T°0 €9°C 6l'Sy 90°0
910°0— TIST1 #80°0— 120 18¥'1 9¢0'0— I8¢l 880°0— [4Y40) vSTe 06't1 SO0
6£0°0— €STel [101°0 0€9°0 S48 £€90°0— R 4% ¢4 160°0 8190 0¢8'¢ SV 0°0
S81°0— 180°81 00 ¥2€0 1€0°T 16C0— 866'9C SN YLEO el Crse €00
SLTO0— 190°L1 LOE0 LLTO 110°T 8CS0— LOE'TT LYS 0 Z81°0 €10'1 68T 200
80€°0 €6¢€9 Ly 0— €8¢°1 SO0’ clIeo [98°C 60— C8¢'1l 00’1 8L¥C S10°0

p Ty p P q P Iy » ) q ba (ASN) AS10ug

44dvVd J4dd

ordwres sse[3 ¢Oa1,06—0OUu J10] SJUQIDIJ00 J0108] dnpin uondiosqe £31oud pue amsodxa ue (P°7) roquinu orwoje juaeanb S IIqe
I I8 COAL06-OUZO] 10] SIuAIdL] J dnpping (g vH) uot q pue (199) do pue (P°7) 1q ! [eAlnbg  -g Jqe],



847

Gamma radiation shielding of zinc tellurite glasses

180°0— [R8A4! 2900 000°1 Ive'l [190°0— [Jrad! 6€0°0 [80°1 SLY'1 7¢'8¢ Sl
£€60°0— Svevl 9L0°0 L68°0 89¢'1 €L00— 8¢l ¥l SS00 960 154! r'8¢ 0l
cIro— 9T 1 7600 0€8°0 LEV'T 680°0— €00 ¥1 1L0°0 L68°0 1671 £€9°'8¢ 8
€01'0— 65071 2800 Sv8°0 8811 [L0°0— coL’ ¢l 0S0°0 9¢6°0 €871 €0'6¢ 9
S60°0— SY8El €01°0 198°0 (2! £90°0— cesel 1700 7660 CIST 9¢'6¢ S
1L0°0— 665°¢l 8700 1260 651 0r0°0— 86T ¢l S10°0 €20'1 T1S°T L8'6E 14
9¢0°0— SEI'El 1€0°0 £€96°0 9IL'1 LT00— 6LCl 000°0 S90'1 29¢°1 €807 €
8C0'0— 6L0°Cl S00°0 8¢0°l 0S8°1 900°0— SoLCl 0¢0'0— vCl'l €651 ey C
020'0— CGC'¢El #00°0— L90'T 0€6°1 200°0— €Ce 01 920'0— j24 8! 0091 6¢'SY Sl
[70°0— €Csel LT00 £€56°0 60€°C 710°0— oerel S00'0— LSO'T 0¢L’1 a’is [
6v0°0— r9°el 0100 116°0 611'C 910°0— 8S0¥1 100°0 €e0'l SEL'T 6191 80
90°0— YL el 9900 6C8°0 16T 00— €86°¢l S10°0 9L60 SIL'T 7191 90
LLOO— 788°¢l 880°0 79L°0 61SC 0€0°0— 98111 0€0°0 1260 989°1 6091 <0
001°0— 688°¢l 0cl0 6v9°0 6S1'C 8¢0°0— 6SI¥1 2S00 LE]O LI9'1 09 70
601°0— 8€6°¢Cl 2810 LOS°0 8Y1'C LY0'0— 8SEVI €600 6890 9611 88°CYy €0
61°0— SL6'E] cce0 96C°0 L96°1 960°0— Lyl L0 LOS0 CLE T 79°S1 0
10C°0— c66'¢l 1€€°0 86C°0 eyl 0cIo— 80T ¥1 1¢C0 91¥°0 1€C1 14494 S0
€97°0— LEIET 970 6L1°0 STl €CT0— 99L° ¢l 1S¥°0 20T0 44! 90°St 10
8CT0— SIT'VI €€9°0 £€90°0 Seel LIT0— [6LV1 €8L°0 LT00 9IL'1 (4244 80°0
880°0— €691 SIS0 6600 Sl 8I1°0— Lyel LELO 8L00 [4:3°%4 vy 90°0
910°0— 08901 01'0— LLTO PIS Al LT00— Peeel LY1°0— L91°0 91T'¢ cl'vy SO0
6£0°0— eveel €01°0 7€S°0 8¢Sl €50°0— 6£01¢C 060°0 9¢<S0 868'¢ 69°¢t 0°0
S81°0— €eT8l 00 €Ce0 0€0°1 96C°0— SY' LT ¥61°0 YLEO 1€0°1 8C'SC €00
SLTO0— SETLI 60€0 vLT0 110°T 1¥S°0— 6lg 11 86S°0 1 ZAN0) €10'1 90°S¢C 200
80€°0 0SC9 19%°0— LOV'L 00" 1 L1€0 9C8'¢ €917 0— 60’1 00°[ S6'1¢C S10°0

p Ty p P q P Iy » ) q ba (ASN) AS10ug

44dvVd J4dd

-ordwes sse[3 TOALE]—OUZS| 10 $IUaIJa00 1010v) dnpping (JgvH) uondiosqe £310us pue (Jg5) 2insodxs 4o pue (P7) roqunu orwoie juseamby  *9 [qey,



S A M Issa et al

848

8LO'0— [aad! 190°0 S66°0 el [190°0— 65Tl 0¥0°0 L0 SSal LY'LE Sl
L80°0— eyl €L0°0 2060 LSE'T LO0— ocrvl 760°0 960 SEV'l LS'LE 0l
€01°0— 1cevl 0600 0¥8°0 STyl 980°0— 796°¢1 890°0 1060 081 LL'LE 8
60°0— LLOT] LLOO 9680 08’1 690°0— 899°¢1 8700 0¥60 6LVl LT8¢ 9
L80°0— L98°¢l 601°0 1L8°0 el 190°0— clsel 6£0°0 8S6°0 0I¢S1 0S'8¢ S
990°0— e9°¢l Sv0°0 876°0 88¢C°1 6£0°0— CLTEl S10°0 €20'1l €IS 00'6¢ 14
S0°0— €80°¢l 0€0°0 L96°0 VIL'T 920°0— SY4! 100°0— 790°1 SoC’l C6°'6¢ €
§C0°0— €LOET €000 770°1 0581 900°0— 169°C1 120°0— 9CI'1 8651 LY Ty C
S8I10°0— LESET 900°0— €LO'T €e6’l 100°0— 0¥9°6 LT0'0— LYT'T S09°'1 9t Sl
8€0°0— LTS El €200 1960 8I€C €10°0— oerel L00'0— €901 SEL'T SSy I
LY0'0— 9MP9°cl 8¢0°0 0260 €er'e SI10°0— [4Y a4\ 100°0— 6€0°1 6vL'1 6¥' St 80
190°0— oYL El £€90°0 6£8°0 LES'T 120°0— 9L6°¢l €100 860 SCL'1 14454 90
L00— L8Y]'Cl €800 SLLO 8¥S'¢C 6¢0°0— 01l 8700 0€6°0 00L'1 6¢° S <0
960°0— €68°¢l 9CI0 099°0 96%°C LEOO— €91 vl 000 9¥8°0 €e9'l 1¢°Sy 70
SO1°0— 096°¢l 8L1°0 9160 161°C 9%0°0— (434! 160°0 L69°0 CIST LTSy €0
961°0— 886°¢l 12¢€°0 86C°0 8C0'C 960°0— LIV Y1 CLT0 6050 6¢°1 167y 0
L8I'0— P10V LEEO 1LT0 Yyl eIro— STyl 1120 1€v0 €eC’l oLvy S0
LTT0— €L9°ET (019 740] 961°0 8€T'1 LOT0— mLel CIvo S§TTo 1€CT 1%y 10
8CT0— S0 vl L19°0 890°0 STel 8CCT0— L89' V1 6LL0 6200 [OL'1 SOvvy 80°0
9¢1'0— Y0€91 709°0 SLOO I8¢ LCT'0— ceLvl 168°0 SS00 8CS'C 99°¢v 90°0
LS00 7186 121'0— cEro 6Ct’1 €000 ce8’Cl 60C'0— 0cro LLT'E veey SO0
€0 0— ceTel SO1°0 7EV0 0I¢S1 €0 0— 8CTL'ET 680°0 [0 968°¢ 06"t 0°0
881°0— 6LE'81 1€T0 (4430 6C0°1 10€°0— €LY'LT €610 YLEO 0€0°[ 7¥°SC €00
18C°0— CIvLT 11€0 1LT0 110°T CSC0— cee 1l 6950 991°0 CI0'1l cCse 200
0¢e0 6719 9Ly 0— 1€yl 00" 1 €20 16L°S LLY 0— vl 00°[ 11°6¢ S10°0

p Ty p P q P Iy » ) q ba (ASN) AS10ug

44dvVd J4dd

-opdures sse[3 ZOALO]—OUZ(Z 10 $IUSIOYJa00 1010v) dnpping (JgvH) uondiosqe £310us pue (Jg5) 2insodxa 4o pue (P7) ;oqunu orwoie juseamby  *z 9[qel,



849

Gamma radiation shielding of zinc tellurite glasses

LLOO— SLY' V1 190°0 1660 60€°1 [190°0— 8LTYI [+0°0 €90°1 el 79°9¢ Sl
80°0— eyl 0L0°0 L06°0 SYe'l 1L0°0— 10I'¥1 €500 7960 Sl €L9¢ 0l
860°0— LOT 1 ¢80°0 0S80 148l £€80°0— 7C6'¢l S90°0 L06°0 6911 €6'9¢ 8
680°0— 96071 €L0°0 998°0 [LY'] 990°0— [€9°¢1 Sv0°0 Sv6'0 SLY'L [€LE 9
£€80°0— 688°¢l SIT0 0880 Sec'l 6S0°0— orel LEO0 2960 LOS'T 79°LE S
£90°0— 999°¢l £v0°0 Ce6'0 S 8€0°0— SYT el 10°0 €20'1l 9IG'1 €1'8¢ 14
670'0— LTOEl 8700 €L6°0 [IL'1 920°0— LILTI 100°0— 790°1 696°1 LO'6E €
20°0— 086'CI 100°0 0S0°1 0581 S00°0— 9¢sCl 120°0— LTI’ €09°1 191 C
LT100— SIS ¢El L00'0— 8L0°T Seo'l 0000 876’8 8C0°0— ICT°T 0191 88y Sl
LEO0— [€S°¢El €200 696°0 8CEC CI0'0— oerel 800°0— 690°1 LYL'1 0871 I
S0 0— 6v9°¢l S€00 660 LYY'C SI10°0— IO 200°0— 970°1 09L'1 LLVY 80
090°0— ovL ¢l 090°0 0S80 09¢6°C 120°0— 696°¢l 110°0 7660 L'l LYY 90
LO0— 688°¢l 180°0 98L°0 6LS'C 8C0°0— CeTyl 9200 0¥76°0 9IL'1 991 <0
60°0— 968°¢l Lo cL9°0 SecC 9¢0°0— Plindl LY00 9680 0S9°1 LSV 70
Y01°0— £€86°¢l iZAN() 9¢S0 CeTT S0 0— Plliad! 880°0 SOL0 0€S’1 vy €0
961°0— 866°¢l 02e0 00€°0 160°C L60°0— C8EPI CLT0 01S0 CIl LTV 0
6L1'0— SE0T1 ¥¢e0 S8CT0 Sl LOT0— 86C 11 10C°0 LYY0 Syl Y6°'ch S0
80T 0— TIL¢l L6E°0 CIT0 el 061'0— 8SL'El €LE0 6¥C0 LOT'T Se'ey 10
8CT0— VL0V 109°0 €L0°0 91¢1 8€T0— [8S V1 SLLO 0€00 989°1 8T’y 80°0
Q910— 169°C1 S69°0 160°0 PISal LETO— 6£091 696°0 1€0°0 CLY'C 88Ty 90°0
S60°0 LT6'8 ori0— ¢80°0 vl 7€0°0 ettt LT 00— 2L00 LEL'E Sy SO0
S0 0— [cCel LOT°0 €ee’0 [67'1 €€0°0— [1¥°€C 880°0 7€€°0 9¢6'¢ orery 0°0
681°0— 61681 1€T0 12€°0 6C0°1 S0e0— 78T'8¢C 261°0 YLEO 0€0°[ 09°S¢C €00
¥8C0— 6LS' L1 cIeo 89C7°0 110°T L9G0— Tl 6LS0 6S1°0 CI0'1l 8¢°CC 200
92¢0 ¢S09 06%7'0— 14941 00" 1 8T¢€0 LSL'S 16%7°0— SS'l 00°[ 9C'SC S10°0

p Ty p P q P Iy » ) q ba (ASN) AS10ug

44dvVd J4dd

‘ordwes sse[3 TOALSL—OUZST 10 $UaIJa00 1010v) dnpping (JgvH) uondiosqe £310us pue (Jg5) 2insodxs go pue (P7) ;oqunu orwoje juseamby  *g 9[qel,



S A M Issa et al

850

9L0°0— 8051 090°0 986°0 601 290°0— 86C 71 00 7S0°1 801’1 08°S¢ Sl
180°0— werl L90°0 cl60 Peel 0L00— 8011 2S00 7960 884! 68°S¢ 0l
60°0— [{IN4! 080°0 0980 vl 180°0— 788°¢l €900 2160 SSH'l c19¢ 8
¢80°0— STVl 890°0 LLY0O €Ol £€90°0— S6S°¢l €v0°0 6760 LV 7¥7'9¢ 9
LLOO— ceo'el STro 768°0 Sl 9¢0°0— Lyel S€00 996°0 SOS'T 7¥°9¢ S
090°0— 0oL el 010°0 160 18S°'1T LEO'0— 8ITEIl 10°0 €20'1l SIS LTLE 14
LY0'0— 696'C1 9200 8L6°0 S0L'1 ST0'0— 8L9°CI 100°0— €90°1 CLS' T 61'8¢ €
£€20°0— L8L'TI 00070 €S0°1 6v8'1 S00°0— [454! 120°0— LTI’ 609°1 6L 0% C
910°0— vor' el 600°0— 980°1 8€6'1 0000 ILT'8 6¢0'0— SCI'lL 919'1 €6ty Sl
Se0'0— LESEL 0200 8L6°0 6£€°C CI0'0— oerel 600°0— SLO'T LSL'T 0y I
00— s9°¢el €200 6£6°0 w9r'C 710°0— 6£011 00°0— €S0°1 TLL'T Y07 80
8S0°0— cSLel 9S00 1980 ¢8C'C 02¢0'0— 196°¢1 6000 000°1 9CL'l L6'CY 90
0L00— 68°¢l LLOO 86L°0 [19°C LT00— [9C¥1 €200 1S6°0 [EL'T €6'cy <0
60°0— 006°¢l LITO 7890 LLS'C 9¢0°0— OLT ¥l Sv0°0 998°0 L99°1 I8¢t 70
10— 900'v1 6910 9¢S°0 18C°C 70°0— 454! 980°0 YIL0 8PSl L9y €0
L61°0— 010v1 61€0 €0€°0 8SI'C 860°0— [4SR4! €LT0 [1S°0 eyl 8¢y 0
ILT°0— 29071 60€°0 6620 oyl 001°0— PiZad! 161°0 970 8¢T'1 LT'EY S0
881°0— ISL¢l 29¢0 7€C0 60C'1 €L10— PCLEl 1€€°0 SLTO €81l LL'TY 10
8CT0— €S0vl 7850 8L0°0 90¢°1 6vC0— oLy vl 0LLO €00 [L9°] 6v't 80°0
881°0— 6L6'V1 68L°0 9200 0¢e’l LY1'0— C8ELI 160°1 L000 vIv'C 80°Cy 90°0
LITO CLE'S LY1°0— LSOO 8LE'] €500 CLO'TT 80€°0— €00 LLO'E SL'1IY SO0
9¢0°0— 61¢g¢C I[11°0 €Ce0 6911 Se0'0— [L6°CC €600 e [18°¢ €1y 0°0
061°0— 169°81 1€T0 02e0 8C0'1l 01¢0— SL98C 161°0 YLEO 6201 YL'ST €00
L8T 00— SEL'LT 71€0 99T°0 0101 6LS0— CCe'll 0650 ¢S10 CI0'1l €6°¢C 200
1€€°0 656°C €05 0— 9LY'1 00" 1 €€e0 STL'S 00— LLYV'T 00°[ 1¥°6¢C S10°0

p Ty p P q P Iy » ) q ba (ASN) AS10ug

44dvVd J4dd

ordwres sse[3 ¢Oarn.—Qu J10] SJUQIDIJ00 J0108] dnpin uondiosqe £31oud pue amsodxa ue (P°7) roquinu orwoje juaeanb °6 dqe
I I8 COALOL-OUZ0¢E 10} SIua1dyg J dnpping (g vH) uot q pue (199) do pue (P°7) 1q ! [eAInby 6 J[qeL,



851

Gamma radiation shielding of zinc tellurite glasses

L0°0— eyl 090°0 186°0 9LT' 1 290°0— 8I1EVI €v0°0 770" 1 8¢l 86'17¢ Sl
SLO0— orevl S90°0 L16°0 el 890°0— 79011 1€0°0 960 86¢€°1 LO'SE 0l
680°0— LLTVI 9L0°0 1L8°0 06€°1 8L0°0— ev8 el 0900 L16°0 LYY 1 9C'S¢e 8
080°0— velvl 7900 888°0 SSi'l [190°0— LSS El [70°0 760 9911 9°6¢ 9
SLOO— 9¢6'¢l 6C10 1060 0¢s'1 760°0— osvel €€0°0 0L60 c0s'1 16°S¢ S
LSO'0— 9¢L’ ¢l LEOO 6760 8LS'1 9¢€0'0— 061°¢l €100 €20'1l 1251 0¥'9¢ 14
00— 606'CI €200 £86°0 SOL'T 720°0— 8¢€9°CI 100°0— €90°1 9LS°1 [€LE €
00— 196°C1 100°0— LSO'T SY8'1 S00°0— 160°CI 120°0— 9CI'1 7191 S8'6¢ C
S10°0— LLY'E1 010°0— 160°1 0r6'1 100°0 C8¢'L 0€0'0— 091°1 9’1 9Ty Sl
7€0°0— ISl 8100 986°0 0S€C [10°0— oerel [10°0— [80°L LOL'1 6C'er I
00— SRl 0€0°0 6760 LLY'C 710°0— ce0vl S00°0— 090°1 €8L'1T LTEY 80
9S0'0— SCL'ET €500 €L8°0 019°C 610°0— €S6°¢l L000 0101 TLL'T 1c¢er 90
890°0— S68°¢l €L0°0 [18°0 SY9'C 920°0— 88T Y1 0200 2960 SYL'1 vi'er <0
060°0— 106°¢l CIro L69°0 619°C SE0'0— VLIV w00 LLY 0O 989°1 70'er 70
001°0— 1€0°v1 S91°0 LYS0 0€€C 70°0— [1SAad! €800 €CL’o L9G°T 68Ty €0
861°0— [20v1 61€0 S0¢0 9¢T'C 660°0— LIE VI €LT0 €150 LSY'1 09ty 0
€91°0— 88011 7670 YI€0 LYYl £60°0— Lo V] 6L1°0 870 ore1 LETY S0
891°0— 608°¢l LTE0 14540 Sol'l SC1'0— 0sL el 06C°0 10€°0 SCI'l So'ly 10
9¢T0— LYO'¥1 9960 L800 66C'1 €T 0— [6EvI SSL0 1700 [S9°1 89°'1¥ 80°0
681°0— 90T 1 €LLO 8¢0°0 LIET LY1'0— 1€CLT 290°1 1200 IveC LT 1Y 90°0
cIro S8 Sv1'0— 8CI'0 L9V’ w00 ¥20°Cl 6LT0— 0900 696'C 6'01 SO0
7170°0— Ceree L6070 76£°0 LI9'1 8¢0°0— €61'CC €010 €Ce0 9¢9°¢ 0S01 0°0
161'0— [4: 751 ¢sT0 61¢€0 LTO'1 PIe0— 1€0°6¢C 161°0 YLEO 80’1 68°ST €00
687 0— 168°L1 91¢€0 €97°0 0101 16S°0— 99¢' 11 6650 Sv1'0 CI0'1l 89°CC 200
LEEO 698°C 916 0— LoY'1 00" 1 8¢€€°0 769°C 91S¢°0— 8611 00°[ 9¢°¢¢C S10°0

p Ty p P q P Iy » ) q ba (ASN) AS10ug

44dvVd J4dd

‘ordwes sse[3 TOALEY—OUZSE 10 SIUAIOYJ00 10108) dnpping (JgvH) uondiosqe £31aus pue (JgH) 2mnsodxs g0 pue (P7) roqunu onwoje juseamby 01 9[qel



S A M Issa et al

852

€L0°0— SLSVI 090°0 LL6O 6ST'1 290°0— 8€EYI 770°0 Se0’l 09¢°1 LI'V7E Sl
SLOO— 6£€ vl 2900 60 0r¢l L90°0— IS4l 000 £€96°0 C8¢'l 9C've 0l
80°0— 191°v1 1L0°0 1880 8LE'T SLO0— 08¢l 8600 760 9et'1 444 8
9L0°0— €SIyl 6S0°0 6680 oyl 8S0°0— 61S¢l 6€0°0 6560 o'l 8L'V¢ 9
1L0°0— 096°¢l 9¢1°0 116°0 41! 1€0°0— 6crel 1€0°0 L6°0 00S°1 80°C¢ S
S0°0— ELL'ET 7€0°0 9660 LS Se0'0— 191°¢l €100 €20'1l 4! €6°C¢ 14
w00— 8¥8'CI 120°0 6860 L1 €20°0— L6S°CI 200°0— €90°1 08S°1 r9¢e €
0¢0°0— 8¢CCI 200°0— 190°1 LY8'1 S00°0— 098°11 120°0— 9CI'1 0291 76'8¢ C
v10°0— 69T ¢l CI0'0— S60°'1 176’1 100°0 LSS'L 0€0'0— 911 8791 171y Sl
00— LYSEl 9100 S66°0 9¢'C [10°0— oerel C10'0— 880°1 LLL'T (Y&44 I
I70°0— 869°¢l L200 096°0 Y6v°'C €10°0— 7201l LO0O'0— 890°1 96L'1 LY Ty 80
S0°0— SCLEl 6¥0°0 9880 8€9'C 610°0— r6°¢cl S00°0 6101 88L'1 oY’y 90
S90°0— 668°¢l 6900 7280 189'C 720°0— 8IEVI L100 €L6'0 99L'1 1444 <0
L80°0— 606°¢1 801°0 0IL0 99°C 7€0°0— 6LLV] 6£0°0 888°0 SOL'T {44 70
860°0— LSOV1 6S1°0 86S°0 18€°C €0 0— L8V V1 080°0 cEL0 L8S'T 80Ty €0
L61°0— ca0vl SI€0 [A5%0) ¥8C'C 860°0— [8C¥1 IL1°0 8150 LLY'1 oL’ 1Y 0
6S1°0— €80 71 8LT0 ¢Te0 L9V’ 680°0— LOV' V1 CLT0 S6¥°0 6vC'1 SS' 1y S0
Y91°0— 601 vl LIE€0 69C°0 SoT'1 ¢S10— 8SL'El €870 cIeo Sor'l cl'ly 10
0¢C0— 99011 9S00 701°0 96C'1 YT 0— 80¢' V1 7CL0 7900 979°1 S80% 80°0
L8I'0— STyl €vL 0 SS00 90¢°1 LY1'0— PITLI SI0°1 1#0°0 SLTT 0 90°0
01°0 Y0L'8 LETO0— 6810 Sec'l 1€0°0 CLOCI 8V 0— LLOO 9¢68'C 1101 SO0
€0 0— [1S°1C 160°0 9¢v'0 169°1 00— 886°1¢C I[11°0 €Ce0 or'e 99°6¢ 0°0
161'0— 108°81 ¢sT0 61¢€0 LTO'1 PIe0— 091°6¢C 061°0 YLEO 020’1 €0°9¢C €00
600~ 8€0'81 LIE€0 19C°0 0101 209°0— LLE'TT 8090 8€1°0 CI0'1l 86T 200
weo P8L'S 8¢S 0— LIS'T 00" 1 weo 799°C 8CS0— 8IS’ 00°1 0L’ST S10°0

p Ty p P q P Iy » ) q ba (ASN) AS10ug

44dvVd J4dd

ordwes sse[3 TOALO9—OUZ(P 10] SIUSIOYJ00 10108) dnpping (JgvH) uondiosqe £310us pue (JgH) nsodxs Jo pue (P7) roqunu onwoje juseamby  “I1 9[qel



Gamma radiation shielding of zinc tellurite glasses

substitution of TeO, by ZnO, while molar volume decreases
from 30.067 to 24.766 (cm? mol~"). The increase in density
indicates that the zinc ions enter 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 the increase in the
stretching force constants (216 — 217.5 N m~!) of the bonds
inside the glass network. Hence the radius of Zn** (0.074 nm)
is much smaller than that of Te?* (0.097 nm), resulting in a
more compact and dense glass. The addition of ZnO probably
causes a change in crosslink density and coordination number
of Te?" ions [31].

4.1 Mass attenuation coefficient (i)

Experimental and theoretical values of mass attenuation
coefficients for seven glass samples at gamma energies
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0.662, 1.173 and 1.33MeV have been given in table 2. The
theoretical values of mass attenuation coefficients were
calculated from WinXCom [28]. Estimated error in the exper-
imental measurements was <2%. It is clear from table 2 that
the mass attenuation coefficients of glass samples decrease
with increasing gamma energies. At low photon energy the
prominent reaction between the studied glass samples barriers
and gamma rays is the photoelectric effect, which decreases
with increasing gamma energy. The behaviour of the mass
attenuation coefficient at intermediate photon energy may be
attributed to the Compton scattering process. The values of
the mass attenuation coefficient are dependent on the elemen-
tal composition and consequently on the glass density [32].
Experimental results of i, increase with increasing ZnO con-
tent. This behaviour may be attributed to the fact that addition
of ZnO increases the glass density and decreases the molar
volume, which indicates that the glass structure becomes more
compact and dense. The experimental mass attenuation coeffi-
cient values are in good agreement with the theoretical values.
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Figure 6. The exposure buildup factor (EBF) for the glass
penetration depths.

samples in the energy region 0.015-15MeV at different
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4.2 HVL and MFP

The HVL was calculated using linear attenuation coefficient
(cm™1) as follows:

In (2
HvL = "3
m

12)

where j is the linear attenuation coefficient. The values of
HVL are listed in table 3. Figure 2 shows that the HVL val-
ues decrease with increasing ZnO in glass systems at photon
energies 0.662, 1.173 and 1.33 MeV, which is due to increase
in mass attenuation coefficient and density on replacing TeO,
by ZnO. As shown in figure 2, the HVL of glass samples is
lower than HVL of barite and ferrite concretes at 0.662 and
1.33MeV photon energies [22]. It has been observed that the
ZnO-TeO; class system is found to be better than concrete,
indicating the potential of utilizing the prepared glasses as
radiation shields.

S A M Issa et al

The values of MFP (cm™!) of the prepared glass samples
have been obtained using the following equation:

1
MFP = —.
n

(13)

Table 3 reports the values of MFP of prepared glass sam-
ples, which decrease with increasing ZnO content. The MFP
values of ZnO-TeO, glasses were compared to those of some
standard radiation shielding concretes (figure 3) [33]. Figure 3
shows that for the glass samples having 10 mol% of zinc oxide
or higher, the values of MFP are lower than those of ilmenite,
basalt-magnetite, hematite-serpentine and ordinary concretes
at 0.662, 1.173 and 1.33 MeV photon energy. This means that
the glass samples are better radiation shielding materials in
comparison 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, it is indicated that
Zn0O-TeO, glass systems, which show low values of HVL and
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Figure 7. The energy absorption buildup factor (EABF) for the glass samples in the energy region 0.015-15MeV at

different penetration depths.
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MEFP at photon energy 0.662, 1.173 and 1.33 MeV, are good
gamma-ray shielding glass systems. Hence, it is proposed
that the prepared glass samples can be promising nominees
as non-conventional alternate gamma-ray shielding materials.

4.3 Effective atomic number (Zy5) and electron density
(Nel)

The effective atomic number (Z.g) and electron density (Ne))
for glass samples in the energy range 0.015—-15MeV are pre-
sented in table 4. Equations (5) and (6) have been used, respec-
tively, to calculate the effective atomic number (Z.¢) and elec-
tron density (N)). The variation of Z.g with photon energy for
total interaction processes in all glasses is shown in figure 4.
It can be seen that initially photoelectric interaction domi-
nates and effective atomic number remains almost constant
in the energy range 0.015-0.03 MeV; then it starts increasing,
reaches a maximum at 0.04 MeV and then it decreases sharply
with increasing energy up to 1 MeV, which indicates that the
Compton scattering process starts taking place. In the inter-
mediate energy region (0.6-2MeV), the Z.¢ values are found
to be almost constant for the selected materials, which clearly
indicates that Compton scattering cross-section depends only
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on the energy and is almost independent of the composi-
tion of the materials. Finally, the effective atomic number
increases with increasing photon energy. This is due to the
pre-dominance of the pair production process, whose cross-
section is proportional to Z2. Figure 4 shows that even in the
photon energy range 0.04-0.6MeV the 10ZnO-TeO, glass
sample has the highest effective atomic number. The varia-
tion of electron density for investigated glass systems with
photon energy in the range 0.015-15MeV demonstrates the
same behaviour as that of Z., as shown in figure 5.

4.4 Gamma-ray buildup factors of the glass samples

The calculated equivalent atomic numbers (Z.q), EBF and
EABF GP fitting parameters for glass samples in the energy
region 0.015-15MeV are shown in tables 5-11. Figures 6
and 7 show the variations of EBF and EABF with a pho-
ton energy of the given glass samples at different penetration
depth, respectively. It is observed that EBF and EABF of
glass samples are small at low and high (§MeV) energies.
This may be attributed to the absorption processes, photo-
electric effect and pair production dominating the low and
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Figure 8. The exposure buildup factor for the glass samples up to 40 MFP at 0.015, 0.15, 1.5 and 15 MeV.
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Figure 9. The energy absorption buildup factor for the glass samples up to 40 MFP at 0.015, 0.15, 1.5 and 15MeV.

high energy regions, respectively, in which photons are com-
pletely absorbed or removed. A sharp peak in the EBF and
EABF values was observed at 40keV energy, as shown in fig-
ures 6 and 7, which may be due to the K-absorption edge of Te
at around 31.8keV. Around the K-edge of high-Z elements,
mass attenuation coefficients jump to a huge value on the
upper side of the K-edge and the element has two mass atten-
uation coefficients corresponding to the lower and upper side
of the edge. This abrupt change in mass attenuation coefficient
could lead to a sharp peak in buildup factor. Then the EBF and
EABEF values increase with the increase in photon energy and
show a maximum at 0.8 MeV due to multiple scattering by
Compton scattering at the intermediate energies. In Compton
scattering, photons are not completely removed, but degraded
in energy. Finally, BF values start decreasing with the further
increase in photon energy up to 8 MeV due to pair production.
We found that EBF and EABF values increased at high energy
(>8MeV) for all the glass samples with increasing penetra-
tion depths, which might be due to the increase in multiple
scattering as the penetration depth increases. The dependence
on the chemical composition was the same as that observed
elsewhere [34,35].

Figures 8 and 9 show the variations of EBF and EABF with
penetration depth at incident photon energies 0.015, 0.15,
1.5 and 15MeV. It is clear that the EBF and EABF values
increase with increasing penetration depths for glass sam-
ples. At a low penetration depth up to 3 MFP and 0.15 MeV
incident photon energy, the EBF and EABF values remain
constant with increasing ZnO content. At the photon energy
of 1.5MeV, the EBF and EABF values remain constant with
increasing ZnO content and penetration depth up to 20 MFP.
This may be due to domination of photoelectric absorption,
which depends on qu_ > at photon energy below 0.15MeV.
In the high photon energy region (>2MeV) another absorp-
tion process, pair/triplet production, takes over the Compton
scattering process.

5. Conclusions

Mass attenuation coefficient (i, ), HVL and MFP for xZnO —
(100 — x)TeO,, where x = 10, 15, 20, 25, 30, 35 and 40
mol%, have been measured for 0.662, 1.173 and 1.33MeV
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photons emitted from '*’Cs and %°Co using a 3 x 3 inch
Nal(Tl) detector. The experimental mass attenuation coeffi-
cients were found to decrease with increasing gamma energy
and increase with increasing ZnO concentration. HVL and
MFP at selected photon energies increase with increasing
gamma energy and decrease with increasing ZnO concen-
tration. Results show that for the glass samples having 10
mol% of zinc oxide or higher, the values of MFP are lower
than those of ilmenite, basalt-magnetite, hematite-serpentine
and ordinary concretes at 0.662, 1.173 and 1.33MeV pho-
ton energy. Effective atomic numbers (Z.) and electron
densities (N,;) of glass samples have been calculated in the
photon energy range 0.015—15MeV and they have been found
to be clearly energy dependent. The GP fitting method has
been used for calculation of EBF and EABF of given glass
samples in the energy range 0.015-15MeV up to 40 pene-
tration depths. The 10ZnO-90TeO, glass sample was found
to have lower values of gamma-ray EBFs in the interme-
diate energy region. The EBF and EABF were found to
be energy- and penetration-depth-dependent parameters as
well.
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