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In this research, glass with a composition of (100-x)B,0; : xPbO where x is 30, 40, 50,
60 and 70 wt% was prepared by a conventional melt-quenching technique. The
physical, optical and radiation shielding properties at 662 keV gamma-rays of glass
samples were investigated. The results showed that the density with increasing PbO
concentration, indicating that replacing B,O3; with some amount of PbO in the glass
network. Results in the increase of the average molecular weight of oxide ions in the
glass due to the higher molecular weight of B,O;. The molar volume decreased when
the concentration of PbO is less than 40 wt% due to the decrease in the bond length or
the inter-atomic spacing between the atoms. However, when the concentration of PbO
was more than 40 wt%, the molar volume increased due to the addition of PbO acting as
a network modifier. The optical absorption spectra of the glasses were measured in the
wavelength range of 300 - 1,100 nm. The fundamental absorption edge of the glasses
was determined. Moreover, the optical energy gap obtained from Tauc’s plot was
decreased with increasing PbO content. The refractive index of samples calculated from
the optical energy gap increased when the concentration of PbO increased,
corresponding to the density. In addition, total mass attenuation coefficient, partial
photon interactions, total atomic cross-section, effective atomic number and effective
electron density were investigated at 662 keV gamma-rays. The experimental values of
mass attenuation coefficients are in good agreement with the theoretical ones obtained
from WinXCom program. It is noted that the total mass attenuation coefficient, effective
atomic number and effective electron density increased with increasing PbO
concentration. The radiation shielding property of the prepared glass samples is better
than that of some conventional radiation shielding concreter. It can be concluded that
the glass samples prepared in this work have the potential to replace ordinary concrete
as an alternative choice of materials for radiation protection purpose.

Keywords: Borate Glass / Lead / Mass Attenuation Coefficient / Effective Atomic
Number / Effective Electron Density / Radiation Shielding Materials



v

ACKNOWLEDGEMENTS

This dissertation is partial fulfillment for the Degree of Doctor of Philosophy (Physics)
in the subject “Study on effective atomic number and effective electron density of PbO-
B,0; glass system”.

Acknowledgments contribute to all individual and institutions in different ways to the
successful completion this research work and the thanks are in order. First, I would like
to express my sincere gratitude to my thesis advisor, Prof. Dr. Pichet Limsuwan, for his
valuable guidance and discussions. Among this, I am most grateful Assoc. Prof. Dr.
Weerapong Chewpraditkul with for several useful discussions on different aspects. I am
also grateful to Professor L. Gerward, Technical University of Denmark for contributing
the useful software, WinXCom. I am deeply indebted for my co-advisor, Dr. Jakrapong
Kaewkhao, who has given not only his supervision in every aspect but also his
guidance, encouragement, discussions and crucial suggestions. I extend my sincere
thanks to the Dr. Parnuwat Chimalawong, Dr. Chittra Kedkaew and the rest of
committee for examination and completion of my thesis. I would like to thank the
Thailand Center of Excellence in Physics (ThEP Center), the Office of the Higher
Education Commission, the Ministry of Education for their funding support during this
Ph.D. program. I also would like to give my sincere thanks to the Center of Excellence
in Glass Technology and Materials Science, Nakhon Pathom Rajabhat University for
the equipments and facilities. I offer a special thanks to all of my colleagues who have
helped, sometimes unwittingly, including: Mr. Nattapon Srisittipokakun, Dr. Pruittipol
Limkitjaroenporn, Mr. Yotsakit Ruangthaweep and Ms. Natthakridta Chanthima, for
supporting and assisting my research and experiments. Finally, it is with the greatest
gratitude and humility that I thank my family. I could not have contemplated the genesis
and completion the Ph.D. program without their understanding, encouragement,
patience, and support. [ would like to express my gratefulness to my elder brother who
has given me the encouragement, ambition, and inspiration.



CONTENTS

ABSTRACT (in Thai)
ABSTRACT (in English)
ACKNOWLEDGEMENT

CONTENTS

LIST OF TABLES
LIST OF FIGURES
LIST OF ABBREVIATIONS AND SYMBOLS

CHAPTER

1. INTRODUCTION

11
i.2
k3
1.4

Background
Motivation
Objectives
Literature reviews

2. OVERVIEWS AND THEORY

2.1
2.1
242
2.1.2:1
2.1.2.2
2.123
2,124
2.1.2.5
2.13
2.14
22

23

24

2.5
2.5.1
2.5.2
2.6

2.1
2.7.1
2.7.2
2.8

2.9
2.10
2.10.1
2.10.2
2.10.3
2.11
2.11.1
2.11.2
2.12

Glasses

Definitions of glass

Type of glass

Pure silica glass

Soda-lime glass

Lead glass

Borosilicate glass

Aluminosilicate glass

The enthalpy-temperature diagram

Batch melting reactions

lonic radii

Hybridization orbitals in ceramics

Pauling’s rules

Glass formation

Zachariasen’s rules for the structure of glass
Structural concepts of glass formation
Structural of B,0; and borate glasses
Density and molar volume

Definitions

Measurement of density

Optical basicity

Photons

Interactions of gamma and X-Rays with matter
Compton scattering or Compton effect
Photoelectric efffect

Pair production

Gamma-ray attenuation coefficient
Measuring attenuation coefficients

Mixture and compounds

Effective atomic numbers and effective electron density

Page

11
v
vii
viii

X1

Page

W W DN

11
11
12
12
12
12
12
12
13
15
15
16
20
23
23
24
26
31
31
31
32
36
37
37
40
42
44
46
47
47



CHAPTER

CONTENTS

3. MATERIALS AND METHODS

3.1
3.2

33

34

33
3.3:1
Sl
3852
3.52.1
353
3:5:8.1
3 e 2

WinXCom program
Chemical composition of glass sample
Batch calculation

Materials preparation

Glass characterization
Physical properties

Density measurement

Optical properties
UV-Visible spectrometer
Radiation shielding properties
Gamma-ray transmission
Weight fraction calculation

4. RESULTS AND DISCUSSION

4.1
4.2
4.3
4.4
4.5

Density and molar volume
UV-Visible absorption study

Optical bang gap and refractive index
Optical basicity

Gamma-rays shielding properties

S.  CONCLUSION

5.1 Density and molar volume
B UV-Visible absorption study
53 Optical bang gap and refractive index
54 Optical basicity
5.5 Gamma-rays shielding properties
REFERENCES
CURRICULUM VITAE

Vi

Page

49
49
50
b3
54
57
58
58
59
39
60
60
60

62
63
64
66
69
70

79
79
79
79
80
80

81

87



vii

LIST OF TABLES

Table Page
1.1  Literature reviews. 6
2.1  Shannon’s ionic radii (in pm). 16
2.2 Orbital Geometries for hybridization. 20
2.3 Coordination number and radius ratio for various coordination 22

numbers.
2.4 Coordination number for glass formers, modifiers and intermediates. 23
2.5  Radius ratios for typical network-formers. 24

2.6 Optical basicities according to Dimitrov and Sakka calculated from 34
refractive index (A(ng)) and energy gap (A(Ey)), their average (Au),
optical basicity according to Duffy (Ap.gz), optical basicity according

to Lebouteiller and Courtine (A.s), and Ols binding energy (Ep) of
simple oxides.

2.7  Optical basicities according to Dimitrov and Sakka calculated from 35
refractive index (A(np)) and energy gap (A(Ey)), their average (Ag),
optical basicity according to Duffy (Ap,z), optical basicity according

to Lebouteiller and Courtine (A.s), and Ols binding energy (Ep) of
simple oxides.

3.1  Raw materials for glassmaking. 51
3.2 Chemical compositions of the prepared glasses. 55
3.3 -~ Weight fraction for each element in the as- prepared glass samples. 61
4.1  The chemical compositions of the as-prepared glasses. 62
4.2 The density (p), molecular weight (M) and molar volume (V),) of glass 64
samples.
4.3 The cutoff wavelength (Acuop) for all glass samples. 66
4.4 The optical band gap (E,) and refractive index (n) for all glass samples. 69
4.5  The optical basicity of lead borate glass samples. 69
4.6  The mass attenuation coefficients of PbO-B,0s glass system at 662 71
keV.
4.7  The partial interactions of PbO-B,0; glass system at 662 keV. 73
4.8  The theoretical and experimental values of total atomic cross-section 74

and total electronic cross-section of PbO-B,05 glass system at 662 keV.

4.9  The theoretical and experimental values of effective atomic number and 75
effective electron number of PbO-B,0; glass system at 662 keV.

4.10  The half value layer parameter of PbO-B,0; glass system at 662 keV. 11

4.11  The half value layer parameter of some radiation shielding concretes 77
[2] at 662 keV.



Figure
2.1
2.2
23
2.4

2.5

2.6
29

2.8

2.9

2.10

2.11
2,12
213

2.14
2.15

2.16
2.17
2.18

2.19
2.20

2.21

LIST OF FIGURES

The enthalpy-temperature diagram (adapted from [52]).
Formation of sp’ hybrid orbitals (adapted from [53]).
Energy level diagram for diamond and graphite (adapted from [53]).
Geometric arrangements of some hybrid orbitals involving s, p and d
atomic orbitals (AOs) (adapted from [53]).
Coordination configurations :

(a) stable

(b) stable

(c) unstable (adapted from [54]).
Tetrahedra linked by sharing :

(a) corners (b) edges (c) faces (adapted from [54]).
Octahedra linked by sharing :

(a) corners (b) edges (c) faces (adapted from [54]).
A two-dimensional representation of A,O3:

(a) crystal and

(b) glass (adapted from [55]).
A two-dimensional representation of a sodium silicate glass (adapted
from [57]).
The superposition of orbitals in B,O3

(1) o-electrons

(2) m-electrons

(3) lone pair electrons (adapted from [39]).
Different structural units present in alkali borate glasses
(adapted from [39]).
Creation of NBO when introduction of modifier to borate glass
(adapted from [56]).
Structure change from Bj to By introduction of modifier to borate glass
(adapted from [56]).
Variation of B4 with R,O concentration (adapted from [39]).
Variation in the number of bridging oxygen atoms (O;), the coefficient
of thermal expansion (ar) and the softening temperature (S,) as a
function of alkali-oxide concentration in a B,Os-containing binary glass
(adapted from [39]).
Electromagnetic spectrum (adapted from [68]).
The Compton effect (adapted from [67]).
Dependence of the Compton cross section on.

(a) photon energy

(b) atomic number of the materials (adapted from [67]).
The Photoelectric effect (adapted from [67]).
Dependence of the photoelectric cross-section on

(a) photon energy and

(b) atomic number of the material (adapted from [67]).
Pair production. The gamma disappears and a positron-electron pair is
created. Two 0.511 MeV photons are produced when the positron
annihilates (adapted from [67]).

viii

Page
14
17
18
19

21

p.l
22

25

25

27

27
28
28

29
30

36
38
39

40
41

42



Figure

2.22

2.23

2.24

2525

3.1
3.2
3.3
34
35
3.6
3.7
3.8
3.9
4.1
4.2

43
4.4
45
4.6
4.7

4.8
4.9

4.10
4.11
4.12
4.13
4.14
4.15

4.16

LIST OF FIGURES

Dependence of the pair-production cross section on
(a) photon energy and
(b) atomic number of the material (adapted from [67]).
The relative importance of the three major gamma interactions (adapted
from [70]).
Mass attenuation coefficients for lead (Z= 82, p =11.35x10° kg/m®)
(adapted from [70]).
The intensity of the transmitted beam decreases exponentially with
material thickness (adapted from [67]).
The front page of WinXCom program.
The analytcal reagent grade chemicals.
Diagram of the preparation process of glass samples.
High temperature electrical furnace for melting glass.
High temperature electrical furnace for annealing glass.
The process of characterized parameters.
The sensitive microbalance for density determination.
UV-Visible spectrophotometer (Varian, Cary50).
Experimental setup of gamma-ray transmission technique.
Photographs of the as-prepared glass samples.

- The density of glass samples as a function of PbO content in borate

glasses.

The molar volume of glass samples as a function of with PbO content
in borate glasses.

The absorption spectra of lead borate glass samples.

The cuttoff wavelength of lead borate glass samples.

The absorption extrapolation of Tauc’s plot of lead borate samples.
The variations of optical band gap values of the glasses over the PbO
concentration.

The variation of refractive index values over the PbO concentration.
The values of optical basicity of glass samples as a function of PbO
content.

The variation of theoretical values and experimental values of total
mass attenuation coefficients at 662 keV as a function of PbO content.
The variation of coherent absorption interaction at 662 keV as a
function of PbO content.

The variation of Compton scattering interaction at 662 keV as a
function of PbO content.

The variations of photoelectric absorption interaction at 662 keV as a
function of PbO content.

Mass attenuation coefficients with partial interactions of PbO-B,0;
glass system at 662 keV.

Total atomic cross-section at this photon enenrgy of PbO-B,0s glass
system.

Effective atomic numbers at photon energy 662 keV of PbO-B,0; glass
system.

X

Page

43

44

45

46

50
55
56
57
-1
58
39
59
60
62
63

64
65
65
67
67

68
70

71
72
72
73
74
75

76



LIST OF FIGURES
Figure Page

417 Effective electron densities at photon energy 662 keV of PbO-B,03 76
glass system.

4.18 The values of half value layer at 662 keV with different PbO contentin 78
comparison with some standard shielding concretes [2].



oslivolivelie 2
St

mEaoge

S
S—

Ranion

Rcation
Ry
Rx

LIST OF ABBREVIATIONS AND SYMBOLS

Absorbance

Band Tailing Parameter
Binding Energy

Bridging Oxygen Atom

Speed of Light

Coordination Number

Optical Density

Thickness of Sample

Energy

Optical Band Gap

Incident Photon Energy
Scattered Photon Energy
Planck Constant

Intensities of Incident Radiation
Intensities of Transmitted Radiation
kilojoules

Molecular Weight

Molecular Orbital

Molecular Weight

Mean Free Path

Refractive Index

Avogadro’s Number
Non-Bridging Oxygens
Effective Electron Density
Bridging Oxygen Atom
Momentum of Photon

Ionic Radii

Radius of Cation

Radius of Anion

Radius of Cation

Radius of Anion

Temperature

Kinetic Energy

Glass Transition Temperature
Melting Temperature
Ultraviolet

Partial Molar Volume

Visible

Molar Volume

Weight of the Specimen in Air
Weight of the Specimen in Water
Weight Fraction

Weight Percent

Thickness

Mole Fraction or Weight Fraction

x1



Acutqff

A(no)
Alh

Ota
Otel

Hm
wp

LIST OF ABBREVIATIONS AND SYMBOLS

Atomic Number

Effective Atomic Number
Absorption Coefficient
Thermal Expansion Coefficient

Electronic Oxide Polarizability

Molar Polarizability

Absolute Permittivity of the Free Space
Electric Permittivity of the Medium
Relative dielectric constant

Density

Wavelength

Cutoff Wavelength

Optical Basicity

Refractive Index-Based Optical Basicity
Theoretical Optical Basicity

Frequency

Compton Coefficient

Total Atomic Cross-Section

Total Electric Cross-Section
Photoelectric Coefficient

Pair Production Coefficient

Linear Attenuation Coefficient

Mass Attenuation Coefficient

Mass Attenuation Coefficient

xii





