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ABSTRACT 

Intrinsic dosimetry is the method of measuring total absorbed dose received by 

the walls of a container holding radioactive material.  By considering the total absorbed 

dose received by a container in tandem with the physical characteristics of the 

radioactive material housed within that container, this method has the potential to 

provide enhanced pathway information regarding the history of the container and its 

radioactive contents.  The latest in a series of experiments designed to validate and 

demonstrate this newly developed tool are reported.  

Thermoluminescence (TL) dosimetry was used to measure dose effects on raw 

stock borosilicate container glass up to 70 days after gamma ray, x-ray, beta particle or 

ultraviolet irradiations at doses from 0.15 to 20 Gy.  The TL glow curve when irradiated 

with 60Co was separated into five peaks: two relatively unstable peaks centered near 

120 and 165°C, and three relatively stable peaks centered near 225, 285, and 360°C.  

Depending on the borosilicate glass source, the minimum measurable dose using this 

technique is 0.15-0.5 Gy, which is roughly equivalent to a 24 hr irradiation at 1 cm from 

a 48-160 ng source of 60Co.  Differences in TL glow curve shape and intensity were 

observed for the glasses from different geographical origins.  These differences can be 

explained by changes in the intensities of the five peaks.  Electron paramagnetic 

resonance (EPR) and multivariate statistical methods were used to relate the TL 

intensity and peaks to electron/hole traps and compositional variations.
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Chapter 1  

Overview 

1.1 Introduction 

Glass containers have been used for the storage of nuclear materials by waste 

management sites and traffickers of illicit materials.1-4  When a sample of nuclear 

material is interdicted or a sample of unknown history is discovered at a waste 

depository, examiners attempt to gather as much information as possible about the 

sample for the purpose of forensics investigations or sample history.2-3  In a container, 

all of the emitted radiation from the nuclear material will either be self-attenuated or 

incident on the walls of that container.  In the latter case, the total dose to the container 

wall will be a function of the residence time of the material within the container – a key 

piece of information when investigating the history of an unknown sample.  By applying 

dosimetry techniques to the walls of a container, information relating to the residence 

time of the nuclear material could become available to investigators. 

1.2 Intrinsic Dosimetry 

Ionizing radiation has a wide range of effects on materials.  Some materials are 

highly sensitive to ionizing radiation while others are resistant to damage from high 

radiation fields.5  Radiation damage is generally connected to the creation of disorder in 

the irradiated material through the formation of vacancies and interstitial atoms within 

the material’s crystal structure.6  Due to its non-crystalline (amorphous) structure, glass 
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is relatively resistant to radiation damage.  For this reason, glass has been used as the 

storage matrix of choice for highly radioactive material, ranging from samples in 

laboratories to waste forms at long term disposal sites.1  It has also been documented 

that traffickers of nuclear materials have used glass vials for storage and transport.2 

Though relatively resistant to radiation damage, glass is still affected by ionizing 

radiation.  For instance, radiation can create electron-hole pairs, sometimes referred to 

as defects, which can become trapped within the glass.7-10  Through heating, or other 

forms of stimulation, the electron-hole pairs are released, recombine, and emit light.  

The amount of light released is typically proportional to the radiation dose received by 

that material, so quantifying this light output provides a means for measuring the 

exposed dose.  This process forms the basis of thermoluminescence (TL) dosimetry.8, 11-12  

Other dosimetry techniques have also been developed such as optically stimulated 

luminescence (OSL)13 and electron paramagnetic resonance (EPR)14 that are 

nondestructive and sometimes provide greater sensitivity; however, these techniques 

only apply to select materials and defect types. 

Dosimetry has previously been used to measure the dose delivered to materials 

with applications to post-detonation nuclear forensics and emergency response 

following an accident or nuclear attack.15-25  In these instances dosimetry was used to 

measure delivered dose independent of information regarding the radiation source, and 

usually to material surfaces open to the environment.  However, in instances where the 

dose is delivered to the walls of glass containers holding radioactive material, both the 
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measured dose and the attributes (amount and type) of the radioactive material may be 

considered together in order to acquire further details about the sample’s history.  This 

situation defines intrinsic dosimetry–the measurement of the total absorbed dose 

received by the walls of a container holding radioactive material.26  Intrinsic dosimetry is 

intended to be used as an interrogation tool for interdicted or newly discovered waste 

containers of unknown origin or history, for the purpose of acquiring pathway 

information between loss of control of the radioactive material and discovery of the 

container.  The types of information that may be available to investigators using intrinsic 

dosimetric techniques include:26-28 

 the residence time of an unadulterated sample of a radioactive material; 

 evidence of sample splitting during transit of the radioactive sample; 

 the amount of radioactive material that once resided in an “empty” 

container. 

1.3 Objectives and Scope of the Study 

In order to apply intrinsic dosimetry to glasses of varied composition, additional 

research was performed to understand the properties and mechanisms behind 

thermoluminescence of glass.  A review of the structure of glass and the effects that 

various additives and impurities have on the structure is presented in Chapter 2.  An 

overview of our current understanding of the common electron/hole traps generated 

from ionizing radiation interacting with glass is presented in Chapter 3.  In Chapter 4, 

the main experimental techniques which were used are laid out (TL and EPR) along with 
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a description of the materials and irradiation procedures used.  Chapter 5 and Chapter 6 

discuss the TL properties of the studied glass and the modeling of the TL glow peaks. 

Evidence is presented in these chapters that the glasses have the same basic TL glow 

peaks regardless of the glass source, irradiation source, and time post-irradiation and 

that the differences between the observed TL glow curves are due to the relative ratios 

of the individual TL peak intensities.  The results of EPR experiments are given in 

Chapter 7, and a relationship between a specific hole center and a TL peak is 

established.  Chapter 8 presents results of a multivariate statistical analysis, namely 

principal component analysis (PCA) and partial least squares (PLS) regression, of the 

correlations between the composition of the glass and the TL glow curve shape, overall 

TL intensity, and the relative intensities of the individual TL glow peaks.  Conclusions of 

our studies of TL of borosilicate glasses and suggestions for future work are given in 

Chapter 9.
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Chapter 2  

Structure of Glass 

2.1 Definition of Glass 

The term glass does not necessarily define a material with a particular chemical 

composition; but rather, it refers to a state of matter.29  Because of this, there are many 

definitions of glass.  Within materials science, however, glass can be defined as an 

inorganic product of fusion which has been cooled to a rigid condition without 

crystallizing.9, 30-33  In this definition lies one of the most defining characteristics of 

glasses; they are non-crystalline or amorphous materials.  As many materials of vastly 

different chemical composition may fit this rather broad definition, it is necessary to 

limit studies to a particular type of glass.  For the purposes of this volume of research, 

the term glass will refer specifically to sodium aluminoborosilicate glass with low (<5%) 

sodium oxide and aluminum oxide content. 

2.2 General Structure of Glass 

Glass is one of the most ancient materials known to mankind.  Prehistorically, 

the naturally occurring glass obsidian was used to make weapons and tools.34  The most 

ancient man-made glass objects were discovered in Egypt and date to approximately 

3000 BC.  However, there is evidence that glass manufacturing methods had already 

been discovered in Mesopotamia by approximately 4500 BC.9, 35  Despite its long history,  

there is much that is not well understood beyond the basic structures of most glasses.30, 36 
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Glass is formed when a liquid is cooled in a way that on dropping below the 

melting temperature, “freezing” occurs rather than crystallization; the final temperature 

is low enough that atoms move too slowly to rearrange to the more stable form.37  

Whereas a material allowed to crystallize would have long-range order (Figure 2-1), this 

“freezing” creates an amorphous glass of the same chemical composition that only has 

short-range order (Figure 2-2).38  One of the earliest and most influential structural 

theories of oxide glass known as the Continuous Random Network (CRN) was based on 

this concept of short-range order.39-41 

Figure 2-1: Two-dimensional representation using CRN of crystalline A2O3 with 
long-range order; also representative of crystalline SiO2 (quartz) 
with large blue circles representing O and small black circles 
representing Si.  Adapted from [41]. 
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Figure 2-2: Two-dimensional representation using CRN of amorphous 
(glassy) A2O3 with short-range order; also representative of 
silicate glass with large blue circles representing O and small 
black circles representing Si.  Adapted from [41]. 

2.2.1 Continuous Random Network (CRN) Model 

In the early 1930’s, Zachariasen used x-ray diffraction to compare the 

structure of crystalline and amorphous materials.  In the study, he observed that 

the mechanical properties of glasses are similar to those of crystals of the same 

composition.  He then showed that the structure of these amorphous materials 
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are not entirely random and have similar structural elements as their crystalline 

counterparts, but the amorphous materials lack a large periodic and symmetrical 

network.  Zachariasen went on to propose that glasses consist of an extended 

three-dimensional network made up of well-defined small structural units.  

These structural units are the same or similar as the structural units found in 

crystalline materials and are what is linked together in a random way.41  

Zachariasen proposed four rules for glass formation in an oxide AmOn in order to 

obtain a random network:9, 31-33, 40-41 

1. Each oxygen atom is linked to no more than two atoms A 

(cations). 

2. The oxygen coordination number of the network cation is small 

(i.e. less than 4). 

3. The oxygen polyhedra share only corners with each other and not 

edges or faces. 

4. At least three corners in each oxygen polyhedron must be shared 

in order to form a 3-dimensional network. 

From his work, Zachariasen concluded that only a handful of oxides were 

capable of forming a glass: B2O3, SiO2, GeO2, P2O5, P2O3, As2O5, As2O3, Sb2O3, 

Sb2O5, V2O5, Nb2O5, and Ta2O5.  At the time, only B2O3, SiO2, GeO2, P2O5, As2O5, 

and As2O3 had been vitrified.  The addition of other oxides (alkali metal, alkaline 

earth, transition metal, etc.) to any one of these materials would form a more 
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complex oxide glass (Figure 2-3).  To form a complex oxide glass it is necessary 

that:9, 41-42 

1. The sample contains a high percentage of cations which are 

surrounded by oxygen tetrahedra or by oxygen triangles. 

2. The tetrahedra or triangles share only corners with each other. 

3. Some oxygen atoms are linked to only two such cations and do 

not form further bonds with any other cations. 

Figure 2-3: Two-dimensional representation using CRN of a complex (disordered) 
network; also representative of sodium silicate glass with large red circles 
representing Na, medium blue circles representing O, and small black circles 
representing Si.  Adapted from [9]. 
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This means that oxide glasses must contain a significant amount of 

cations that can form vitreous oxides or of other cations which are able to 

replace them in an isomorphic manner.  Zachariasen added the Al3+ cation to the 

list of glass-forming cations (B3+, Si4+, Ge4+, P3+, P5+, As3+, As5+, Sb3+, Sb5+, V5+, 

Nb5+, and Ta5+).  The Al3+ cation can replace Si4+ isomorphically, but Al2O3 cannot 

form a glass by itself.  Zachariasen gave the term network-forming cations to 

these ions which, according to his rules of association with oxygen, form the 

random network or “vitreous network” of the glass.41  The term network former 

is now generally adopted for oxides in the vitreous network.  Glasses also may 

contain oxides known as network modifiers.  These are oxides that do not 

participate in forming the network structure.  With the addition of network 

modifiers, it becomes important to distinguish between two types of oxygen in 

the glass structure: bridging and non-bridging.  A bridging oxygen (BO) is bonded 

to and connects two network-forming cations (acting like a bridge), while a non-

bridging oxygen (NBO) is only bonded to one network-forming cations. 

When a network modifying oxide, such as Na2O, is added to the glass, the 

additional oxygens are incorporated into the glass network.  The addition of this 

modifying oxide can affect the glass in three ways (Figure 2-4):43 

(a) A bond between a network former and oxygen is ruptured 

creating NBO’s. 

(b) The coordination number of a network former is increased. 
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(c) A combination of (a) and (b) where the coordination number of a 

network former is increased, and a NBO is created. 

In each of these cases, charge is compensated by the network modifier.  These 

same mechanisms apply when an oxide of a divalent cation is added, such as 

CaO.  In these cases, a single cation can compensate for the two negative 

charges. 

Figure 2-4: Mechanisms for the possible results of adding a network modifier in 
oxide glasses: (a) formation of non-bridging oxygen atoms; (b) increase 
of the coordination number of network forming cations; (c) 
combination of (a) and (b) .  Adapted from [43]. 
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Other than the listed network formers and the alkali metal and alkaline 

earth oxides that tend to be network modifiers, certain oxides can function 

either as glass-formers or as modifiers.  These oxides are known as intermediate 

oxides or network intermediates.  Some network intermediates often found in 

glass that can be important to the glass structure include the elements 

aluminum,9, 44-46 iron,44, 47-48 lead,49-50 tin,51-52 titanium,45, 53-54 zinc,45, 55 and 

zirconium.53, 56-57 

2.2.2 Modified Random Network (MRN) Model 

Controversy about the reliability of the CRN model arose with the 

development of X-ray diffraction,58 extended X-ray absorption fine structure 

(EXAFS),59 and neutron diffraction.60  These techniques allowed the environment 

around particular network formers and network modifiers to be analyzed.  

Experiments using these methods revealed three important results.  First, the 

environment around the network modifying cations was much more explicit than 

the CRN model predicted.  Second, the network modifiers were not 

homogenously distributed throughout the glass, but the glass had rich regions of 

modifier inhomogeneously distributed throughout the glass.  These rich regions 

of network modifier also separated rich regions of network formers.  Third, the 

coordination number around cations and the distance between ions only 

changed slightly with changes in concentration.61-62  From these results, the 

structure of glass was proposed to have disorder in the long distance of the 
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material, order in the middle distance around the cations of the network 

modifiers, and order in the short distance around the network formers.62-64 

From these observations, Greaves introduced the Modified Random 

Network (MRN) Model.65  In this model, network modifiers form zones that 

connect the network former rich zones through mostly NBO’s.  The coordination 

number around the cations and the distance between ions has order.  Molecular 

Figure 2-5: Two-dimensional representation using MRN of a complex 
(disordered) network; also representative of sodium silicate glass 
with red circles representing O, purple circles representing Si, and 
yellow circles representing Na.  The highlighted grey region shows the 
modifier rich channel separating the former rich zones.  Adapted 
from [65]. 
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dynamics calculations support the hypothesis of the MRN model.66-69  Figure 2-5 

shows a two-dimensional representation of sodium silicate glass using the MRN 

Model.38  Currently, the MRN is the most accepted model for glass structure, but 

the CRN is still widely used due to its simplicity.70 

2.3 Structure of Silica Glass 

Though one of the most expensive and 

difficult glasses to fabricate,29 silica glass (SiO2) 

has the simplest of all glass structures.71-76  The 

basic structural units in silica glass are very 

similar to the structural units found in 

crystalline silica (quartz).  Quartz 

consists of corner-sharing silica 

tetrahedra (Figure 2-6)38 arranged in 

orderly 6-member rings at specified 

bond and torsion angles with long-

range order (Figure 2-7).73  Figure 2-1 

shows a two-dimensional 

representation of quartz using the 

CRN Model.   

In pure silica glass, the 

structure again consists of corner-

Figure 2-7: Definition of torsion angle α and 
bond angle β.  Adapted from [73]. 

Figure 2-6: Silica tetrahedron.  Adapted 
from [38]. 
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sharing silica tetrahedra with virtually all BO’s.  However, disorder is introduced into the 

network structure through variations in the bond angles and torsion angles and to a 

minor extent by distortions in the silica tetrahedron.73, 77  Though the glass does not 

have long-range order, short-range and intermediate-range order exists.  Short-range 

order is exhibited in the form of the tetrahedra mentioned, while intermediate-range 

order is seen in the existence of ring and ring-like structures.  This network of ring and 

ring-like structures can exist on the order of 1.0 nm (or 10 Å).74, 78-79  Under normal 

conditions, these structures also favor 6-member ring structures.80-81  Figure 2-2 shows a 

two-dimensional representation of silica glass using the CRN Model with intermediate-

range order represented by ring structures. 

2.4 Structure of Modified Silicate Glass (Alkali Silicate) 

The most common modification to silicate glass is the introduction of network 

modifiers in the form of alkali and/or alkaline earth oxides with the most common being 

Na2O.82-85  The addition of these cations breaks up the connectivity of BO’s corner 

linking the SiO4 tetrahedra with the creation of NBO’s that are linked to only one Si 

atom.  Each alkali cation introduces one NBO, while each alkaline earth cation 

introduces two NBO’s.33, 86-89  Figure 2-4 and Figure 2-8 show the creation of NBO’s in 

glass.  Modifying cations in general and alkali cations in particular are mobile in silicate 

glasses, but ionic diffusion is reduced if more than one type of alkali is present in the 

glass.  This effect on diffusion is known as the Mixed Alkali Effect.90-91 
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Depending on the concentration of network modifier, the Si atoms present in the 

glass can have zero, one, two, three, or four NBO’s as nearest neighbors.  The local 

order of the glass can be characterized by the Si environment.  This is expressed as Qn 

species where n denotes the number of BO’s to which the Si is bonded.  Figure 2-9 

illustrates the expected fractions of Qn using two model distributions as the mole 

percent (mol %) of alkali oxide changes.92  In the binary distribution model, only one Qn 

species is allowed to exist at any stoichiometric composition, and only two species are 

allowed to exist at other compositions.  In the random distribution model, Qn species 

are allowed to cover a much broader composition range with three or four species 

present even at stoichiometric compositions.  Detailed studies have shown that the Q-

Figure 2-8: (a) Silica glass with only bridging oxygens (BO); (b) Creation of non-bridging 
oxygens (NBO) through the addition of Na2O.  Adapted from [89]. 
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species distribution is neither binary nor random, but falls in between these two 

extreme models.70, 92-93 

2.5 Structure of Alkali Borosilicate (Addition of Boron) 

Borosilicate glass is one of the oldest types of glass to have considerable 

resistance to sudden changes in temperature.29  Although not as easy to fabricate and 

more expensive than some other glasses, borosilicate’s cost is moderate when 

considering the broad range of applications in which it can be used due to its high 

temperature resistance, high chemical resistance, and low coefficient of linear 

expansion.  These properties have made borosilicate glass common in areas such as 

cookware and laboratory glassware.29, 94  

Figure 2-9: Theoretical Qn species distribution using a binary distribution model (left) 
and a random distribution model (right) for a binary alkali silicate glass. 
Adapted from [92]. 
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2.5.1 Borate Glass 

The structures of borate glasses are much more complicated than silicate 

glasses.  Though the structure and physical properties of borate glasses have 

been studied extensively,95-96 there is some controversy of the structural groups 

of these materials with alterations arising from composition variations and 

manufacturing process.97   

The structure of the most basic borate glass, vitreous B2O3, has been 

studied by Raman scattering, neutron scattering, and 10B, 11B, and 17O Nuclear 

Magnetic Resonance (NMR) spectroscopy.97-103  These studies showed that the 

basic structural unit of borate glasses is a BO3 triangle, and B2O3 consists mainly 

of three corner-shared BO3 

triangles forming a B3O6 boroxol 

ring, Figure 2-11(1).  These rings 

are connected to one another by 

a small non-ring population of 

BO3 triangles (Figure 2-10)70 with 

approximately 75-80% of B 

atoms belonging to these boroxol 

rings, indicating the presence of 

substantial intermediate-range 

order in B2O3 glass.70, 103-104 

Figure 2-10: Two-dimensional representation 
using CRN of B2O3 glass 
consisting of B3O6 boroxol rings 
and BO3 triangles.  B is 
represented as open circles and 
O as filled circles.  Adapted from 
[70]. 
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2.5.2 Modified Borate Glass (Alkali Borate) 

The effect of adding network modifiers such as alkali and alkaline earth 

cations to borate glasses is more complex than when these are added to silicate 

glasses.105  In silicate glasses, the addition of network modifiers leads to the 

creation of non-BO’s with the NBO concentration increasing linearly with the 

Figure 2-11: Structural groups for borate glasses:  (1) boroxol ring; (2) pentaborate unit; 
(3) triborate unit; (4) diborate unit; (5) metaborate unit; (6) metaborate 
chain; (7) “loose” BO4 tetrahedron; (8) pyroborate unit; (9) orthoborate 
unit; (10) boron–oxygen tetrahedron with two bridging and two non-
bridging oxygen atoms.  An oxygen atom with a dangling bond represents a 
bridging oxygen.  Adapted from [112]. 
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alkali content.86-87  In borate glasses, however, all three mechanisms illustrated 

in Figure 2-4 can take place.43 

The initial addition of modifier cations to B2O3 glass results in the 

conversion of BO3 units into BO4 units without the creation of NBO’s, Figure 

2-4(b).70, 106-110  In borate glasses, the concentration of BO4 units, N4, increases 

with alkali concentration,  , reaching a maximum at       or      , where 

          is the molar ratio of alkali oxide to B2O3.  When   exceeds 0.5, 

the BO4 concentration begins to decrease with the formation of BO3 units 

incorporating NBO’s.70, 111  As the network modifier concentration changes, any 

of the structural groups shown in Figure 2-11 can exist.112 

2.5.3 Alkali Borosilicate Glass 

When B2O3 is combined with SiO2, a borosilicate glass can be formed.  

The atomic structures of these glasses have a systematic variation in boron 

coordination and the distributing of NBO’s between B and Si as the alkali/alkaline 

earth oxide : B2O3 ratio ( ) and the SiO2 : B2O3 ratio ( ) change.70, 113-118  Similar 

to the modified borate glasses, the concentration of BO4 units in borosilicate 

glasses initially increases linearly with increasing network modifier.  Again, the 

modifier concentration will reach a point that the BO4 units are replaced by BO3 

units with NBO’s.  The point at which this takes place is dependent on the ratio 

of glass formers ( ).119-120  These trends are summarized in the Bray Model 

(Figure 2-12).121 
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In borosilicate glasses, the intermediate-range order also has some 

variations with changing modifier content.  At low alkali content or   value, 

alkali/alkaline earth cations preferentially associate with borate-type structural 

units in the glass.  At higher   values, there is a more homogeneous distribution 

of the alkali/alkaline earth cations as well as NBO’s between the borate and 

silicate network structures.118 

Another important aspect of borosilicate glass (and other glasses with 

multiple network formers) is that network intermediates often coordinate 

differently in borates than they do in silicates, and their coordination changes 

Figure 2-12: The fraction of tetrahedrally coordinated boron (N4) as a function of 
the R and K ratios in sodium borosilicate glasses.  Adapted from [121]. 
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with alkali content.  With both borate and silicate components of the glass, it 

becomes difficult to predict and observe what the ideal coordination of 

intermediates is.122 

2.6 Structure of Alkali Aluminoborosilicate (Addition of Aluminum) 

Aluminosilicate glass is a type of glass similar to borosilicate with high resistance 

to heat shock, but it has the ability to withstand higher operating temperatures than 

borosilicate glass.  Aluminosilicate, however, is approximately three times as expensive 

as borosilicate and more difficult to fabricate.  The addition of some aluminum to form 

an aluminoborosilicate glass creates a glass with enhanced properties of borosilicate 

without substantial additional cost.29  Most laboratory glassware and glass cookware is a 

borosilicate glass with a small amount of Al2O3 added, or an aluminoborosilicate, even 

though these wares are still commonly referred to as borosilicate.123 

2.6.1 Aluminosilicate Glass (Alkali Aluminosilicate) 

Unlike B2O3 which can form a glass on its own, Al2O3 is a network 

intermediate and must be used with a network former.  The simplest form of 

glass containing aluminum comes from adding Al2O3 to SiO2 to form an 

aluminosilicate glass.  When added to a silicate glass, Al is found exclusively in a 

tetrahedral coordination with respect to oxygen, effectively substituting for Si.  

As a result, the Al carries a net negative charge, and therefore, a network 

modifier is required for charge compensation.70, 124-127  Since the Al tetrahedra 
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require charge compensation, the addition of Al2O3 effectively lowers the 

number of NBO’s associated with Si in the vitreous framework.70, 127 

Though aluminosilicate glasses generally have tetrahedrally coordinated 

Al, deviations from this standard occur.  When glasses are modified by high field 

strength cations, five- and six-coordinated Al species may be formed.128  When 

the alkali/alkaline earth : Al2O3 ratio approaches stoichiometric levels, a lack of 

enough charge-balancing modifier is created.  This can also drive the formation 

of high-coordinated Al species.128-130  Analysis have also shown the possibility of 

the formation of oxygen ‘triclusters’, one oxygen atom is shared by three (Si, 

Al)O4 tetrahedra, in order to maintain charge balance.127, 131-132  

2.6.2 Alkali Aluminoborosilicate Glass 

The structure of aluminoborosilicate is more complicated and less 

understood than silica or borosilicate glasses due to the mixing of three network-

forming cations (Si, B, and Al).  While the extent and nature of the mixing of 

theses oxides is still not well defined, some of the basic structural characteristics 

of silica and borate glasses are present in aluminoborosilicates.133 

When Al2O3 is added to a modified borosilicate glass, there is a drop in 

the concentration of BO4 units and an increase in the Si bridging oxygen.  This 

results in the creation of BO3 units, and subsequently a net loss of NBO’s 

associated with both the B and Si throughout the vitreous framework.  The Al in 

these glasses is also generally four-coordinated, although there is a greater 
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tendency to form five- and six-coordinated Al ions as well.134-139  Like 

aluminosilicate glasses, the amount of highly-coordinated Al ions increases with 

the increasing field strength of the network modifiers.  This indicates a possible 

competition for oxygen between the Al and B ions.136 

As the concentration of Na2O, or other network modifier, increases, O2- 

ions are introduced into the glass network.  In the vitreous network, three 

reactions are expected to take place with respect to the coordination of Al and B: 

(a) conversion of octahedral aluminum to tetrahedral aluminum; (b) conversion 

of three-coordinate boron to tetrahedral units; and (c) formation of three 

coordinate boron having one or two NBO’s.36, 139-141  These reactions are closely 

dependent on the composition of the glass.  For a glass with low aluminum and 

alkali contents, Table 8-1, reaction (a) is expected to go to completion; therefore, 

aluminum is expected to be in tetrahedral environments.  For a glass of this 

composition, reaction (b) is expected to dominate over reaction (c), though 

some of reaction (c) will still occur.36 

2.6.3 Intermediate Oxide Coordination in Aluminoborosilicate 

Early glass fabrication methods tended to introduce a variety of 

unintended impurities.  These impurities often imparted color to the glass.  Early 

glasses were rarely colorless, primarily due to impurities of iron in the sand, 

which imparts a light blue-green color to the glass.142  As glassmaking developed, 

glassmakers developed a number of additives, particularly transition metal 
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oxides, to impart a variety of colors to the glass, or remove the natural color.143  

As techniques improved and purer materials were found, color became more 

controlled.  Since all sands contain a certain amount of Fe2O3, iron remains a 

relatively large impurity in basic glass.142, 144-145 

The coordination of transition metals, which are normally intermediate 

oxides or network intermediates, is often difficult to predict.  Their coordination 

is influenced by the amount of alkali content, and the ratio of network 

formers.122  Many of these transition metals also have multivalent states that can 

exist simultaneously in the glass.146-147  For instance, iron exists as both Fe(II) and 

Fe(III) in glasses.  The ratio of multivalent states is controlled by the 

manufacturing procedure (reductive vs. oxidative environment).148-152  The 

oxidation state of these network intermediates often influence how they are 

incorporated into a glass.  For instance, in aluminoborosilicate glass, Fe(II) is 

usually octahedrally coordintaed with oxygen and incorporated as a network 

modifier, while Fe(III) is usually tetrahedrally coordinated with oxygen and 

incorporated as a network former.153-158
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Chapter 3  

Radiation Effects in Glass 

3.1 Introduction 

Ionizing radiation interacts with matter in a number of ways.  Figure 3-1 depicts 

the complexity of the damage creation processes taking place during irradiation.159  In 

general, energetic particles or photons passing through a material lose energy through a 

variety of interactions and scattering mechanisms.  The final result of the radiation can 

Figure 3-1: Schematic diagram of some of the most relevant radiation damage processes in 
glasses.  Adapted from [159]. 
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depend on a number of factors including: the type of radiation, the dose rate of the 

irradiation, the total dose absorbed by the material, and the type of material being 

irradiated.160  The two main types of interaction with materials important to this study 

are ionization and atomic displacement.161-164   

3.2 Radiation Type 

The way radiation interacts with matter is dependent on the irradiating 

material.165-166  The basic radiation types (β-particles, α-particles, recoil nuclei, and γ-

rays) that would come from the storage of radioactive material interact in two basic 

ways: (a) transfer of energy to electrons through ionization and electronic excitations; 

and (b) transfer of energy to atomic nuclei through collisions resulting in atomic 

displacement.161-164, 167  For electronic excitations, this transfer of energy is usually just a 

few eV (3.62 eV in silicon at room temperature),163 whereas atomic displacement 

typically requires a transfer of 25 eV of kinetic energy.168 

In general, ionization/electronic processes dominate the energy transfer for β-

particles and γ-rays with little atomic displacement.  For ions (α-particles and recoil 

nuclei), however, more of the energy transferred is partitioned between electronic 

excitations and nuclear collisions.  A useful relation is that ionization processes 

dominate if the energy of the ion, expressed in keV, is greater than its atomic weight, 

and nuclear collisions dominate if the energy of the ion falls below this limiting 

approximation.167  An α-particle, with an atomic weight of 4 and initial decay energy in 

the MeV range will predominately deposit its energy by ionization processes, but as it 
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loses energy, it will have a significant amount of nuclear collisions.161-164  However, a 

recoil ion will generally lose most of its energy through collisions as its atomic weight is 

generally larger than its energy (expressed in keV).167 

The linear energy transfer (LET) of the particle also affects the trapping (Section 

3.5), with high LET radiation resulting in less trapping per dose than low LET.  The type of 

traps that are filled are also different between high and low LET, with high LET radiation 

filling a greater ratio of deep (more stable) traps when compared to low LET.169 

3.3 Atomic Displacement 

Radiation damage to materials is generally linked to the creation of disorder 

within the material’s lattice structure through atomic displacement which often creates 

an interstitial atom and vacancy (Figure 3-2).6, 170  This disorder can change the physical 

and chemical properties of the material.171-174  The changes can degrade the 

performance of the material in a manner that may or may not recover over a period of 

time.160  Since glass is a non-crystalline (amorphous) material, its structure lacks long-

range order.  Therefore, many of the physical and chemical properties of glass are less  

affected by atomic displacements making glass more resistant to radiation damage.175-177 

Though atomic displacement does not alter the physical and chemical properties 

of glass to the same extent as crystalline structures, the radiation creates defects in 

glass similar in structure and quantity to those created in crystalline materials.178-182  

However, due to their disordered structure, amorphous materials typically contain 

significantly more defects prior to irradiation.183 
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3.4 Ionization (Electron-Hole Pair Production) 

The primary interactions between radiation and the electronic structure of 

atoms are more complex and varied than atomic displacement (transfer of momentum 

to the nuclei of atoms).184  Though there is initial variety in interaction, much of the loss 

of energy to the electrons in glasses is eventually converted to the formation of 

electron-hole pairs or ionization.184-185  Once formed, these electron-hole pairs can 

occasionally become trapped within the glass.   

Band theory, which was originally developed using a semi-infinite periodic lattice 

model to describe electron-hole pair formation for crystalline materials, can also be 

applied to non-crystalline materials due to the short- and intermediate-range order that 

many of these non-crystalline materials, including glass, possess.7-10  Some modifications 

to band-theory are required in order to apply it to non-crystalline materials.  These 

modifications include modeling the localized energy levels as being distributed in 

energy, rather than discrete bands.7  This results in conduction and valence bands with 

an energy gap, or mobility gap, that contains localized states which can trap both 

Figure 3-2: Atomic displacement in a crystalline structure with representation of the 
creation of a vacancy (left) and an interstitial atom (right).  Adapted from [170]. 
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electrons and holes at defects (inherent to the material or created through processes 

such as atomic dislocation) or impurities within the material,8, 186 as shown in Figure 3-3. 

 

3.5 Electron/Hole Traps 

As has been established, glass does not contain long-range order in its vitreous 

network.  This makes the concept of an extended network defect, such as a dislocation, 

meaningless.  Instead the idea of a point defect, a departure from an atom’s ideal short-

range order,187-188 is utilized.  Point defects can be classified into four basic categories 

(Figure 3-4):9 

1. Vacancies-the absence of certain atoms from their normal positions. 

Figure 3-3: Electron-hole pair formation and trapping: (a) radiation 
interacts with the electronic structure of the material; (b) and 
electron-hole pair is generated with the electron (solid circle) 
being excited to the conduction band (Ec), leaving the hole 
(open circle) in the valence band (Ev); (c) both the electron 
and hole free to move through the material until they become 
trapped at defects centers.  Adapted from [8]. 
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2. Interstitials-additional atoms in positions different from those normally 

expected.  A non-bridging oxygen accompanied by a network modifier could 

be considered an interstitial relative to a pure network. 

3. Substitutional-atoms of a nature different from those generally present in 

the network.  In silicate glasses, this refers to species replacing Si4+ sites, such 

as Ge4+ and Al3+ even if the substituting species are a major part of the 

network. 

4. Impurities-species 

present that include 

network formers, 

network modifiers, and 

network intermediates 

incorporated into the 

glass, but were not 

intentionally added, 

such as transition 

metals.  These can also 

act like interstitial and 

substitutional point 

defects. 

 

Figure 3-4: Examples of point defects in glasses; (a) 
reference network; (b) non-bridging 
oxygen; (c) oxygen vacancy; (d) 
substitutional impurity; (e) interstitial 
oxygen.  Adapted from [9]. 
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Depending on the point defect, these imperfections can trap electrons or holes, 

or in some circumstances, assist in the recombination of electrons and holes.  Some of 

the more common and important traps for alkali aluminoborosilicate glasses are 

described below.  

3.5.1 E′-Defect Center (Network Defect) 

The most famous and studied defect trap in oxide glasses is the E′-

center.189-198  The E′-center is 

associated with an oxygen vacancy 

defect in the vitreous network 

(Figure 3-4c).  In the simplest 

description, an E′-center is an 

unpaired electron trapped in a 

dangling sp3 hybrid orbital of an 

atom A bonded to three oxygens, 

where A = Si, Ge, B, P, or Al.189-191  

A related defect (not discussed in 

further detail) is an E″-center which 

is formed when two electrons are 

trapped in an oxygen vacancy 

(Figure 3-5).198-199 

 

Figure 3-5: Schematic diagram of (a) an 
oxygen vacancy; (b) E′-center; 
and (c) E″-center.  Adapted 
from [198]. 
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3.5.1.1 Silicon E′-Defect Center 

Many forms of the E′-center exist and have been observed in 

quartz and silicate glasses.198-202  The nomenclature used to distinguish 

these defects is based on their EPR signal.  The E indicates that the 

oxygen vacancy is an electron trapping site, and the number of primes 

indicates the number of electrons trapped at the site.  A subscript is 

added to indicate the number of EPR lines observed for the defect.198  

The most common silicon E′-center is the E′1 which is an electron trapped 

in an oxygen vacancy 

between two silicon atoms 

(Figure 3-6a), though there is 

disagreement of its 

formation mechanism.188-207 

When hydrogen, a 

common impurity in silicate 

glasses,208 is in the vicinity of 

an E′-center it interacts with 

the hyperfine EPR structure 

and introduces two or four 

additional EPR lines for the 

E′2 and E′4 species 

Figure 3-6: Schematic diagram of 
different E′-centers found in 
silicate glass (a) E′1; (b) E′2; and 
(c) E′4.  Adapted from [198]. 
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respectively.  In the E′2 species, a hydrogen atom from a hydroxyl group 

replaces one of the Si atoms, while in the E′4 species, the hydrogen is 

associated with a silica tetrahedron (Figure 3-6).198 

3.5.1.2 Boron E′-Center 

The boron E′- center (B E′) is virtually identical to the silicon E′-

center (Si E′).  It again is an electron trapped in a dangling sp3 hybrid 

orbital;189-190, 209 however, two distinctions should be made between the 

B E′ and the Si E′ centers.  Because silicon is normally tetrahedrally 

coordinated in silicate glasses (and the first studies of the E′-center were 

of silica), the E′-center is normally associated with an oxygen vacancy.  In 

the case of boron, the three-coordinate state is normal and, therefore, 

can be created without any additional defect formation.189  The Si E′ “half 

unit” is electrostatically neutral while the B E′ “half unit” has a -1 charge.  

Because of this, the Si E′-center is more stable than the B E′-center.209  

Depending on the glass, the B E′-center begins to decay at temperatures 

from 400-500 K, while the Si E′-center begins to decay at temperatures 

from 450-550 K.209-210 

Related to the Si E′ and B E′-centers and potentially present in 

aluminoborosilicate glass is an aluminum E′-center (Al E′).  However, 

studies have shown that the number of Al E′ centers is extremely low 

even when the aluminum content of the glass is large.211  For this reason, 
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Al E′ centers should contribute very little to the signals observed in the 

glass of this study. 

3.5.2 Boron Electron Center (BEC) 

The boron electron center (BEC) is structurally very similar to the B E′-

center.  Like the B E′-center and the Si E′-center, this center is formed when an 

electron is trapped on a dangling sp3 hybrid orbital.  Unlike the B E′-center, this 

trapped electron is shared between the boron atom and an alkali or alkaline 

earth cation.191, 212  The electron is mainly localized on the boron, but it is 

influenced by the network modifier.191, 210 

The stability of the BEC is much lower than the E′-centers with decay 

beginning around 80 K.212-214  Decay of this trap continues from 80-320 K with 

the BEC almost completely bleached (recombined–Section 4.2.1) at room 

temperature.215-219  A BEC that traps two electrons (BEC2- center) has been 

theorized and predicted to be more stable than the BEC with one electron.218-219  

These BEC’s account for ~15% of the total number of trapped electrons 

generated from ionizing radiation in many borate related glasses at 

temperatures less than 77 K.213 

3.5.3 Alkali/Alkaline Earth Electron Center (AEC/AEEC) 

The alkali electron center (AEC) and alkaline earth electron center (AEEC) 

are common electron traps in silicate type glasses that are very similar to one 

another with only slight differences, which will be discussed.  The AEC and AEEC 
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are also often created along with non-bridging oxygen hole centers (NBOHC’s) 

which are discussed below (Section 3.5.5). 

As described earlier (Section 2.4), an effect of adding network modifiers 

such as alkali or alkali earth oxides to a glass is the creation of NBO’s with the 

alkali/alkali earth cation charge compensating (Figure 2-8).  Each alkali cation 

introduces and compensates for one NBO, while each alkaline earth cation 

introduces and compensates two NBO’s.33, 86-88  This situation creates electrical 

dipoles within the glass composed of a negatively charged NBO and a positively 

charged cation.218  The extra electron of the NBO can be excited during 

irradiation.  If this electron is then trapped by the network modifying cation, an 

AEC or AEEC is formed (Figure 3-7).218, 220-223  This also, in effect, neutralizes a 

dipole, or in the case of the AEEC, reduces a quadrupole to a dipole.218 

Due to the loss of the dipole, these electron traps are able to migrate 

through the glass and form clusters with other modifiers.213, 221-222  Though the 

other modifiers brought into the clusters have not necessarily trapped an 

electron of their own, in general, the trapped electrons become spin-paired in 

the large conglomerations.210, 213  This clustering proceeds more rapidly at higher 

temperatures.222 

Unlike alkali cations, an alkaline earth cation compensates two NBO’s 

which results in a quadrupole instead of a dipole.  Therefore, when an electron is 

trapped to form an AEEC, the quadrupole is reduced to a dipole (Figure 3-7).  
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This hinders the ability of the AEEC to migrate and keeps it near the neutralized 

NBO.221  

Figure 3-7: Schematic representation of the formation of an alkali electron center (AEC), 
an alkaline earth electron center (AEEC), and a non-bridging oxygen hole 
center (NBOHC). (a) Before irradiation, an alkali cation (A+) and a non-
bridging oxygen (NBO) form a dipole.  Following irradiation, an electron 
from the NBO is excited and captured on the A+ to form Ao or an AEC leaving 
the NBO in a metastable state, or a captured hole to form a NBOHC.  The 
AEC is able to migrate and form clusters in the material.  (b) Before 
irradiation, an alkali earth cation (A2+) is associated with two NBO’s forming 
a quadrupole.  An electron-hole pair is trapped to form an AEEC and NBOHC.  
Since there are two NBO’s, a dipole remains, and the AEEC is less mobile 
than an AEC.  Adapted from [218]. 
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3.5.4 Multivalent Ion Center 

Impurity ions and additive ions (elements other than Si, B, Al, alkali, and 

alkaline earth species in aluminoborosilicate glasses) can be incorporated into 

the glass.  These can act as network formers, network modifiers, or both 

(network intermediates).  How these ions are incorporated into the glass 

depends upon the 

element and the 

oxidation state of that 

element, determined by 

the manufacturing 

conditions.148-152  Some 

impurities are able to 

exist in multiple oxidation 

states simultaneously 

within the glass.146-147  

These impurity ions can 

act as traps for either 

electrons or holes, and in some cases both (Figure 3-8).146-147, 223-230  In most 

cases, a metastable state of the impurity ion is formed when an electron or hole 

is captured.227 

Figure 3-8: Example equations of multivalent ion 
centers: (1a) Fe3+ captures an 
electron to form (Fe3+)-; (1b) Fe2+ 
captures a hole to form (Fe2+)+; (2) 
Zn2+ captures an electron or hole to 
form (Zn2+)- and (Zn2+)+ respectively.  
Adapted from [229]. 
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Iron, which is one of the most abundant impurities in the glass used in 

this study (Table 8-2), coexists in glass as iron(II), Fe2+, and iron(III), Fe3+.146-158  In 

aluminoborosilicate glass, Fe2+ acts as a network modifier and is typically 

octahedrally coordinated with oxygen, while Fe3+ acts as a network former and is 

typically tetrahedrally coordinated with oxygen.44, 47-48, 153-158, 215, 231  The Fe2+ ion 

can become oxidized by trapping a hole and forming the metastable (Fe2+)+ ion 

(Figure 3-8).  Due to its initial environment, the (Fe2+)+ remains octahedrally 

coordinated with oxygen, distinguishing it from the tetrahedral Fe3+.  Likewise, 

the Fe3+ ion can be reduced by trapping an electron and forming the metastable 

(Fe3+)- ion which is distinguished from the Fe2+ by its coordination 

environment.155-157, 222, 232 

Zirconium, like iron, is an abundant impurity in the glasses of this study 

(Table 8-2).  Unlike iron, zirconium is only incorporated into glasses as Zr4+ and 

will only trap electrons during irradiation.233  Other impurities, such as zinc, that 

are often found in only one oxidation state, can also act as electron/hole traps.  

As shown in Figure 3-8, these impurities can be oxidized (trap a hole), reduced 

(trap an electron), or both (impurity center can trap either an electron or a hole) 

to form metastable defect centers.229  Additional impurities, such as vanadium, 

coexist in multiple oxidation states but with each oxidation state possessing 

identical coordination.  Though these centers can still trap electrons and/or 

holes, they are indistiguishable from one another.9 
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3.5.5 Non-Bridging Oxygen Hole Centers (NBOHC) 

The most abundant hole trap in silicate glasses is the non-bridging oxygen 

hole center (NBOHC).8-9, 165, 167, 186-190, 233-237  An intrinsic defect of all glass is the 

non-bridging oxygen (NBO), an oxygen that is only associated with one network 

former (typically Si, B, or Al for aluminoborosilicate glasses).  NBO’s tend to be 

associated with hydrogen, alkali, or alkaline earth ions for charge 

compensation.86-88  These oxygens are susceptible to the loss of an electron by 

ionization which corresponds to the capture of a hole.9 

3.5.5.1 Oxygen Hole Center (OHC) 

In simple silicate glasses, the most commonly observed NBOHC is 

associated with a NBO of silicon.  The literature distinguishes between 

NBOHC’s of silicon by the charge compensator (network modifier).  When 

a NBO of a silicon associated with a hydrogen or an alkali ion captures a 

hole, it is referred to as simply a hole center (HC) or an oxygen hole 

center (OHC).192, 228, 238-242 

The OHC has been further subdivided into two hole centers: OHC1 

and OHC2.  If an electron from an NBO of a Q3-silicon (Section 2.4) is 

excited during irradiation and trapped at an electron center, the OHC1 is 

formed (Figure 3-7).  The degree to which the OHC1 involves network 

modifying cations is unknown.  There are two views that: (i) following the 

hole trapping, the compensating alkali cation (or hydrogen) migrates 
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away from the Q3 unit leaving an uncompensated complex,189, 197, 238-239 

represented in Figure 3-9a, and (ii) the compensating cation remains near 

the OHC1 and remains strongly coupled to the NBO.192, 197  There is also a 

possibility that the compensating cation is missing from the NBO complex 

prior to trapping.197, 210, 236 

The OHC2 is not as well characterized as the OHC1.  The OHC2 is 

believed to be a hole trapped on a NBO of a Q2-silicon with one of the 

charge compensating cations missing.189-190, 197, 238-239  The remaining 

network modifier either couples to a single NBO (yielding an OHC1-like 

defect) or migrates away (yielding the OHC2).  Following migration, the 

two NBO’s are equivalent, and the hole is shared between them,197 

represented in Figure 3-9b. 

When a NBO of a silicon associated with an alkaline earth ion 

captures a hole, the silicon hole center (SHC) is formed.233, 241  The SHC, 

like the OHC, can form a SHC1 and SHC2 in a similar fashion as described 

above.  Since the SHC is associated with an alkaline earth cation, the 

network modifier is charge compensating two NBO’s.  Therefore, when 

the hole is trapped, the alkaline earth ion will not migrate,241 as 

represented in Figure 3-9c. 
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Figure 3-9: Possible mechanisms for the formation of the most common non-bridging 
oxygen hole centers (NBOHC): (a) oxygen hole center (OHC1); (b) OHC2;  
(c) silicon hole center (SHC1) (d) boron oxygen hole center (BOHC1); and 
(e) aluminum oxygen hole center (AlOHC).  Adapted from [9]. 
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3.5.5.2 Boron Oxygen Hole Center (BOHC) 

In the majority of borosilicate glasses, the most abundant defect 

is the boron oxygen hole center (BOHC).209, 236  Like the OHC and SHC, 

there are different varieties of the BOHC, the most prevalent of which is 

the BOHC1.243-244  The structure of the BOHC1 has been disputed for many 

years.  Presently, it is widely believed that the BOHC1 originates from a 

NBO bonded to a trigonal boron.244-247  As with the OHC and SHC, an 

electron from the NBO can be excited during irradiation and trapped at 

an electron center leaving a trapped hole on the NBO, specifically known 

as a BOHC.210, 236, 248-249  As before, the charge compensator can migrate 

through the material (Figure 3-9d).  In general, the BOHC is considered 

more stable than the B E′, but slightly less stable than the Si E′.209 

As with the OHC and SHC, a hole can also be trapped on a NBO of 

a trigonal boron with two NBO’s to form the BOHC2.210  In addition to 

these, a BOHC3 has been observed.  This hole center is formed when a 

hole is captured on a BO between two tetrahedral boron units.210, 243  

Both the BOHC2 and BOHC3 are more stable than the BOHC1.  However, 

due to the precursor structure, they are less prevalent in 

aluminoborosilicate glasses.210  
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3.5.5.3 Aluminum Oxygen Hole Center (AlOHC) 

Though it has been observed, the aluminum oxygen hole center 

(AlOHC) is the least characterized of any of the hole centers.  It is 

theorized to be formed from a tetrahedrally coordinated aluminum 

precursor.  The hole is trapped on a NBO of the aluminum, but it is not 

known if the oxygen was non-bridging prior to capture or if it was formed 

during trapping.9, 225, 250-253  Though present in aluminosilicate glasses,254 

the AlOHC is rarely seen in aluminoborosilicate glass as most of the holes 

are trapped on NBO’s of boron to form BOHC1 species.210, 255 
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Chapter 4  

Experimental Techniques 

4.1 Introduction 

The primary interaction between ionizing radiation and the electronic structure 

of atoms is the formation of electron-hole pairs.184-185  Once formed, these electron-hole 

pairs can become trapped within the glass.  A measurement of the occupied traps could 

then be used to determine the amount of energy, or radiation, that the material initially 

absorbed.256  This dosimetry measurement can be accomplished through direct 

measurement of the electron/hole centers or through forced migration of the trapped 

electrons/holes. 

4.2 Thermoluminescence (TL) 

When radiation is incident on a material, some of its energy may be absorbed 

and re-emitted as light of a longer wavelength.  This process is known as luminescence.  

The wavelength of the emitted light is dependent on the characteristics of the 

luminescent material and not of the incident radiation.8  The various luminescence 

processes are given names which reflect the method used to stimulate the light 

emission, such as cathodoluminescence257 (stimulated by an electron beam) and 

photoluminescence (stimulated by optical or ultra-violet light).258 

Thermoluminescence (TL), also known as Thermally Stimulated Luminescence 

(TSL), is the emission of light from an insulator or semiconductor which is observed 
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when the metastable solid is thermally stimulated.8, 11-12, 259-260  This phenomenon 

should not be confused with black body radiation, the light spontaneously emitted from 

a substance when it is heated to incandescence where the solid emits radiation of which 

the intensity increases with increasing temperature.260  Unlike black body radiation, TL is 

the thermally stimulated emission of light following the previous absorption of energy 

from radiation.  Three essential conditions are necessary for the production of TL.  First, 

the material must be an insulator or a semiconductor – conductors, such as metals, do 

not exhibit luminescent properties since they lack a band gap (Section 3.4).8, 162, 260-262  

Second, the material must have at some time absorbed energy during exposure to 

ionizing radiation.  Third, the luminescence emission is stimulated by heating the 

material.8, 260  In addition, an important property of TL is that once heated to stimulate 

the light emission, the material cannot be made to emit TL again by simply cooling the 

sample and reheating.  In order to re-exhibit this type of luminescence, the material 

must be re-exposed to ionizing radiation.8 

As stated previously, the primary interaction between ionizing radiation and the 

electronic structure of atoms is the eventual formation of electron-hole pairs (transition 

(a) in Figure 4-1) which can occasionally become trapped (transitions (b) and (e) in 

Figure 4-1).  Through heating, these electrons and holes can be stimulated into 

migration (transitions (c) and (f) in Figure 4-1) which can lead to electron-hole 

recombination.  If light is emitted during the recombination process, 

thermoluminescence occurs.8 
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4.2.1 Recombination 

Thermoluminescence is governed by the process of electron-hole 

recombination.  Three distinct types of recombination processes are possible: 

band-to-band (transition (h) in Figure 4-1), band-to-center (transitions (d) and (g) 

in Figure 4-1), and center-to-center (transitions (i) in Figure 4-1).  The band-to-

band recombination is termed ‘direct’ due to an electron in the conduction band 

recombining with a hole in the valence band (an excited electron relaxing to the 

ground state).  The band-to-center and center-to-center recombination 

processes are termed ‘indirect’ due to recombination involving localized levels 

Figure 4-1: Common electronic transitions involving the conduction 
band (Ec) and valence band (Ev): (a) ionization; (b) and (e) 
electron (solid circle) and hole (open circle) trapping 
respectively; (c) and (f) electron and hole release; (d) and 
(g) band-to-center recombination; (h) band-to-band 
recombination; and (i) center-to-center recombination.  
Adapted from [8]. 



48 

 

(transitions from or to a trap center).8  For luminescence to occur, the 

recombination must be accompanied by the emission of a photon (i.e. radiative). 

4.2.1.1 Direct Transition 

In a direct transition (Figure 4-2), the excited electron must lose 

an amount of energy corresponding to the band gap.  As this would 

require the simultaneous creation of many phonons, or phonon-like 

excitations in the case of non-crystalline materials like glass,263-266 to 

dissipate the electron’s 

energy, it is unlikely that 

this energy could be totally 

dissipated by phonon 

interaction alone which 

would be required for a 

non-radiative transition.  

Therefore, photons are 

emitted during band-to-

band transitions, and the 

transitions are radiative.8 

4.2.1.2 Indirect Transition 

In an indirect transition (Figure 4-3 and Figure 4-4), the energy 

dissipated is much less than the band-gap.  The energy, therefore, may be 

Figure 4-2: Direct recombination transition 
(band-to-band): (a) the electron 
(solid circle) and hole (open 
circle) are stimulated back to the 
conduction (Ec) and valence (Ev) 
bands; (b) the electron and hole 
recombine and a photon is 
emitted.  Adapted from [8]. 
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dissipated either radiatively (via photons) or non-radiatively (via 

phonons).8  A material’s relative probability of direct vs. indirect 

transitions and radiative vs. non-radiative processes for indirect 

transitions, therefore, has a strong influence on the amount of 

luminescence the material will exhibit. 

As all direct recombination transitions are radiative and 

stimulation to the conduction and valence band for the electron and hole 

is necessary for a direct recombination, the probability for an electron 

and hole to be stimulated to their respective band is important.  It has 

Figure 4-3: Indirect recombination transitions: (1) band-to-center 
transition – (a) the electron (solid circle) is stimulated to the 
conduction band (Ec); (b) the electron recombines with a 
trapped hole (open circle); (c) if required, a photon is 
emitted.  Though not shown, band-to-center with hole 
transition can also occur.  (2) center-to-center transition – 
(a) the electron and hole recombine without movement to 
the conduction or valence band; (b) if required, a photon is 
emitted.  Adapted from [8]. 
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been shown that the mean time an electron and hole spend in a trap ( ) 

at temperature   is given by 

                     (4.1) 

where   is a constant (also known as the frequency factor or the 

“attempt-to-escape” frequency),   is Boltzmann’s constant, and   is the 

energy difference between the trap and the edge of the corresponding 

delocalized band (i.e. trap depth).8, 10, 12, 260, 267-270  For a given 

temperature, those centers with a small trap depth are more likely to 

release their electron/hole to its respective band, whereas those centers 

with a large trap depth are more likely to remain trapped and act as 

recombination centers.  Therefore, as the trap depth of a center 

increases, the probability of indirect recombination also increases.  It can 

also be seen that at higher temperatures electrons/holes in 

recombination centers are more likely to escape to the 

conduction/valence band than at lower temperatures which results in 

more direct recombination transitions as the temperature increases.8

 Once stimulated, the lifetime,   , of a free carrier for direct 

recombination (the mean time an electron spends in the conduction 

band before direct recombination with a free hole in the valence band) 

was determined by van Roosbroeck & Shockley and was found to be 

temperature dependent.271-273  The lifetime is given by 
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                (4.2) 

where    is the intrinsic free carrier density and    is the temperature-

dependent rate of direct recombination.  Though values of    have been 

experimentally determined that are consistent with equation (4.2),274-275 

many recombination lifetimes have been observed which are much less 

than the lifetimes expected for band-to-band recombination.276  This 

suggests that indirect recombination mechanisms may be dominant, 

particularly at low temperatures.  At higher temperatures, the lifetimes 

often approach those expected for direct recombination.8 

 The wavelengths from luminescence emission have also been 

shown to be longer than those expected from conduction to valence 

band transitions as impurities and other lattice defects are introduced 

into a material.  This is consistent with a shift from direct to indirect 

recombination processes.  In general, as impurities are added to a 

material, the recombination transitions become dominated by indirect 

(band-to-center and center-to-center) processes as there is a general 

increase in recombination centers.8 

4.2.1.3 Recombination Centers 

A recombination center is defined as an electron/hole trap in 

which the probability of recombination with an opposite sign charge 

carrier at the site is greater than that of thermal excitation of the trapped 
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carrier to its respective delocalized band.12  Though the presence of 

impurities in general shifts recombination processes from direct to 

indirect transitions, it is difficult to predict the effect of individual 

impurities.277  The role of an impurity as a trap or recombination center is 

dependent on the base composition of the material, the other impurities 

present, the concentration of all impurities, and the oxidation state of the 

impurities.  An impurity that acts as a recombination center in one 

material will not necessarily act as a recombination center in a different 

material.  Also, a recombination center that results in radiative 

recombination in a material may produce non-radiative recombination in 

another material.216, 232, 278-288 

4.2.1.4 Center-to-Center 

Center-to-center recombination offers additional pathways for 

deexcitation.  If a trapped electron and hole are situated close to each 

other in the material, recombination can take place through tunneling 

(transition (a) in Figure 4-4).289-290  Alternatively, an electron can be 

elevated to a higher energy level, then recombination can take place 

through tunneling (transition (b) followed by transition (c) in Figure 

4-4).291  These pathways can be radiative or non-radiative.8 
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4.2.2 Instrumentation 

The basis of thermoluminescence dosimetry is stimulating electron-hole 

recombination through thermal treatment and quantifying the resulting light 

output.  By knowing the characteristics of the studied material, the amount of 

light output can be used to calculate the original dose of radiation that the 

material received.  TL instrumentation can vary from very simple to extremely 

sophisticated.  However, at the core of all TL instrument designs are a sample 

heater, a temperature control unit, and a light detection system.  

Instrumentation becomes more sophisticated depending on what capabilities 

are required.  For instance, enhanced designs are needed to measure glow 

Figure 4-4: Indirect recombination transitions not involving the 
conduction or valence bands (center-to-center): (a) an 
electron (solid circle) at level A recombines with a hole (open 
circle) at level B through tunnelling; (b) an electron at level C 
is raised to level A, then (c) recombines with a hole at level B 
through tunnelling.  Though not shown, a photon may be 
released.  Adapted from [8]. 
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curves (TL spectra) below room temperature or to simultaneously record 

thermally stimulated 

measurements such as the 

wavelength spectrum in addition 

to intensity of light emitted.8, 15 

In this study, TL glow curves 

were gathered using a Harshaw 

3500 TL reader which uses a 

platinum planchet to heat the 

sample at a constant heating rate.  

Glow curves were acquired 

between 50°C and 400°C at a 

heating rate of 5°C/s with a 20s 

hold time at the highest 

temperature.  The Harshaw 3500 

uses a 9125B model 

photomultiplier tube (PMT) from 

Electron Tubes Inc. for light 

detection.  This PMT is sensitive to 

light in the 280-630 nm spectral 

range.292 

(a) 

(b) 

(c) 

Figure 4-5: Example thermoluminescence 
glow curves: (a) original glow 
curve with background spikes; 
(b) glow curve with 
background spikes removed; 
(c) smoothed glow curve. 
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In some of the TL glow curves, background spikes were observed (Figure 

4-5a).  These were manually removed by taking the average of the two data 

points on either side of the spike (Figure 4-5b).  Glow curves were smoothed 

with loess293-294 local regression smoothing using the Curve Fitting Toolbox295 for 

MATLAB296 (Figure 4-5c). 

4.3 Electron Paramagnetic Resonance (EPR) 

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) 

spectroscopy is an analogous technique to nuclear magnetic resonance (NMR) 

spectroscopy but excites electron spins rather than nuclear spins.  It can be used to 

study chemical species that have one or more unpaired electrons (paramagnetic).14  As 

many of the electron/hole traps result in unpaired electrons (Section 3.5), it is a useful 

technique for studying radiation effects on solids.  EPR spectroscopy can be used to 

track the formation and ultimate annihilation of the traps.  Unlike thermoluminescence, 

EPR is a direct measurement of the electron/hole centers, and a single sample can be re-

evaluated to study the change in the signal. 

Like NMR, EPR deals with the interaction between electromagnetic radiation and 

magnetic moments.  In the case of EPR, the magnetic moments arise from electrons 

rather than nuclei.297  Each electron possesses an intrinsic magnetic-dipole moment that 

arises from its spin.297-298  In the presence of an external magnetic field (   in G), the 

electron's magnetic moment aligns itself either parallel (    
 

 
) or antiparallel 
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(    
 

 
) to the field with the separation of the two energy states (  ) as follows 

(Figure 4-6):298 

              (4.3) 

where   is the electron’s g-factor and    

is the Bohr magneton.  An unpaired 

electron can move between the two 

energy levels (parallel vs. antiparallel) by 

either absorbing or emitting 

electromagnetic radiation of energy    

such that:298 

                (4.4) 

where   is the frequency and   is Planck’s 

constant. 

In EPR, a spectrum can be gathered by two methods: (1) the spin system is 

placed in a constant magnetic field and irradiated with microwave radiation whose 

frequency is swept; or (2) the spin system is irradiated with a constant microwave 

radiation and the magnetic field is swept.298  In both cases, the microwave radiation is 

absorbed only at the resonance condition given by equation (4.4).  When this condition 

is met, unpaired electrons can move between their two spin states (Figure 4-7).  Since 

there are more electrons in the lower state, there is a net absorption of energy.  This 

absorption is monitored and converted into a spectrum.14, 297-298 

Figure 4-6: Separation of electron spins 
aligned to either parallel 

(𝑚𝑠   
 

 
) or antiparallel 

(𝑚𝑠   
 

 
) in the presence of 

an external magnetic field (𝐵𝑜).  
Adapted from [298]. 
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Figure 4-7: Measurements of EPR: (a) the 
magnetic field (𝐵𝑜) is held 
constant, and the frequency 
(𝜈) is swept to reach 
resonance; (b) 𝜈 is held and 
𝐵𝑜 is swept; (c) the electron 
absorbs energy  𝜈 to 
transition between states.  
Adapted from [298]. 

(a) 

(b) 

(c) 

EPR instruments can collect spectra 

at various frequencies.  Higher frequencies 

yield better spectral resolution and 

detection limits, but require diminishingly 

smaller sample sizes.  Most EPR spectra are 

thus collected at X-band, which offers a 

reasonable compromise between these 

conflicting parameters.14  In the present 

work, EPR spectra were collected at the 

Environmental Molecular Sciences 

Laboratory (EMSL) at Pacific Northwest 

National Laboratory (PNNL).  Continuous 

wave X-band (9.5 GHz) EPR spectra were 

collected at room temperature using a 

Bruker Elexys 580E EPR spectrometer at a 

fixed frequency of 9.82 GHz. 

Once the spectrum is obtained, 

analysis can obtain further insights into the 

electron/hole traps formed as follows 

(Figure 4-8):299-302 

(a) EPR spectrum obtained. 
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(b) Baseline subtracted from the spectrum. 

(c) Integration of the spectrum to yield the net absorption of energy 

(electrons moving from     
 

 
 to  

 

 
. 

(d) A second integration of the EPR line is proportional to the number of 

unpaired electrons present.

(a) (b) 

(c) (d) 

Figure 4-8: Example EPR spectra of: (a) Glass A approximately 20 min after absorbing a 
total dose of 700 Gy from a 60Co source; (b) baseline corrected spectrum;  
(c) integration of the spectrum yields the net absorption of energy (i.e. 

electrons moving from 𝑚𝑠   
 

 
 to  

 

 
; (d) a second integration of the EPR 

line is proportional to the number of unpaired electrons present. 
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4.4 Materials 

Several factors were considered when choosing the sample sources for this 

study.  In glass manufacturing, the shape of the final product dictates the forming 

process.  Microscope slides, cut into 5 cm x 5 cm squares, were used in the first intrinsic 

dosimetry study,26 as this form provided a commercial source of glass with relatively 

consistent geometry.  However, unlike general laboratory glassware, which is made of 

borosilicate glass, microscope slides are generally made of soda-lime glass and produced 

through a “Float Process”.  This float process floats molten glass onto a mirror-like 

surface of molten tin.303  Tin absorbed into the glass from one side can affect the 

mechanisms of radiation induced defects.304-306  Follow-on intrinsic dosimetry studies 

abandoned the use of microscope slides in order to avoid the rather process specific 

influence of tin on radiation induced defects since the production of container glass 

does not rely on the “Float Process”. 

Modern container glass is generally formed through the “Blow Process”.307  In 

this process, a bubble of the molten glass is put inside a two-piece mold.  Air is then 

forced into the mold, pressing the molten glass against the sides of the mold.  The glass 

cools inside the mold and conforms to the shape.307-309  Though container glass could be 

obtained easily, determining the geographical source of the glass and finding a 

geographical diversity of sources proved difficult as many suppliers of glass containers 

receive their products from the same manufacturers, or the source of their materials is 

proprietary. 
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Glass rods and tubes are made from the same bulk molten glass as container 

glass, and they are formed through the “Drawing Process”.  In this process, glass flows 

from a furnace in the form of a ribbon, which falls on to the upper end of an inclined 

refractory sleeve, carried on a rotating hollow shaft or blowpipe.  The ribbon is wrapped 

around the sleeve to form a smooth layer of glass, which flows down the sleeve and 

over the tip of the shaft.  Tubing is formed by blowing air through a blowpipe with a 

hollow tip and rods are made by using a solid tip on the shaft (Figure 4-9).308-311  As this 

process takes molten glass directly from the furnace with no additional materials used in 

forming the rods/tubes, the 

process should not 

introduce any additional 

contaminants. 

Manufacturers of 

borosilicate glass rods from 

6 geographical regions were 

found; to the best of our 

knowledge, these represent 

the only commercially 

available sources of borosilicate glass rods.  Of these 6 manufacturers, rods were 

obtained from 5 of geographical sources (with attempts to obtain rods from the last 

Figure 4-9: Diagram showing the “Drawing Process” for 
forming glass tubing.  To form glass rods, the 
hollow shaft is replaced with a solid tip and 
no air is blown through the glass.  Adapted 
from [311]. 
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source unsuccessful).  Hereafter, these five materials are referred to as Glass A-E 

throughout this study. 

Samples for the study were prepared by two methods.  Unless otherwise stated, 

TL samples were prepared by slicing the glass rods (6 mm diameter) into 1 mm thick 

slices using a saw with a 220 grit metal bonded diamond wheel from DYNACUT.  EPR 

and some TL samples were prepared by grinding the glass to a powder using an IKA® 

Universalmühle (model M20) high-speed impact mill which utilizes a tungsten carbide 

blade for grinding.  The powder was then sorted using sieves, and material with a 

particle size of 75-125 μm was used.  All samples were stored in and protected from 

light using LINQSTATTM black volume conductive bags. 

4.5 Irradiations 

All gamma-irradiations were performed at the High Exposure Facility at Pacific 

Northwest National Laboratory (PNNL).  The gamma fields produced in this facility are 

generated by two 137Cs sources (nominal activities of 10 and 100 Ci) and two 60Co 

sources (nominal activities of 660 and 5890 Ci) using a collimated geometry (30° 

collimation angle).  The calibration dose range of the sources extends to approximately 

6 m, with the beam unobstructed until it encounters a concrete wall at a distance of 

approximately 8.2 m.  The radiation fields are standardized using a reference-class, 

vented, air-equivalent ionization chamber calibrated by the National Institute of 

Standards and Technology (NIST).312-313 
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Using the High Exposure Facility, a total dose between 0.15 and 20 Gy was 

delivered to the glass samples using a 60Co source at a dose rate of 4.7 Gy/hr.  Samples 

were protected from light exposure both during and after exposure using LINQSTATTM 

black volume conductive bags.  X-ray and beta irradiations were performed on samples 

outside the conductive bags in a darkened room.  Samples were transferred to the bags 

immediately following irradiation.  X-ray exposures were to 1.5 Gy at a dose rate of 4.3 

Gy/hr using 14 keV x-rays (M20 NIST Technique).  X-ray calibrations consist of annual 

measurements, using a NIST-traceable reference class ionization chamber (secondary or 

working standard), to establish transmission chamber efficiency 

(Roentgen/Coulomb).314-315  Beta irradiations were also to 1.5 Gy at a dose rate of 

approximately 0.1 Gy/hr using a 90Sr/90Y source.  The 90Sr/90Y source was calibrated 

using a NIST-traceable extrapolation ionization chamber (EIC).  The field was assessed 

and found to be in accordance with the criteria stated in ISO 6980.316-317  Gamma 

irradiations to 1.5 Gy using 60Co and 137Cs at dose rates of 4.3 Gy/hr and 0.1 Gy/hr, 

respectively, were performed for comparison with the x-ray and beta irradiations.  All 

samples were irradiated “in air” rather than mounted on a phantom.  The phantom is a 

slab of tissue mimicking material used to represent a dose rate measurement on a 

human body.318   

Bench-top irradiations using a Model UVG-11 Mineralight® Short Wave 

Ultraviolet (UV) lamp (254 nm – 4.9 eV) were also performed.  Samples were irradiated 

in a darkened room for 30 min with an approximate distance of 2 mm between the 
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samples and the lamp.  Following irradiation, the samples were immediately returned to 

the conductive bags.
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Chapter 5  

Thermoluminescence Glow Curves 

5.1 Thermoluminescence of Borosilicate Glass 

Initial studies of the 

thermoluminescence of 

borosilicate glass were 

performed using glass from 

source A.  In these studies, 

the glass exhibited a glow 

curve with a narrow low-

temperature peak centered 

near 120°C and a broad high 

temperature peak centered 

near 230°C (Figure 5-1).  

Samples were analyzed after receiving a total gamma dose of 0.15-20 Gy from 60Co.  

Glow curve response (peak intensity) was found to be directly and linearly related to the 

radiation dose received over the examined range.  Figure 5-2 shows TL glow curves for 

samples receiving 0.15, 1.5, 3, and 20 Gy doses along with results from an unirradiated 

glass sample, and Figure 5-3 shows the linear correlation of the intensity (nA/mg) of   

Figure 5-1: Thermoluminescence of borosilicate glass 
from source A 20 min after receiving a total 
dose of 20 Gy from 60Co.  Glow curves 
exhibited a narrow peak centered near 
120°C and a broad peak centered near 
225°C. 
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Figure 5-2: Thermoluminescence glow curves for borosilicate samples 
from source A approximately 20 min after receiving a 0.15, 1.5, 
3, and 20 Gy dose from 60Co and an unirradiated sample. 

Figure 5-3: Thermoluminescence glow curves were linearly correlated for 
samples receiving 0.15-20 Gy dose. 
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both peaks over the studied range.  Although the intensity of both peaks was linearly 

related to the radiation dose received, their sensitivities to radiation varied (seen in 

their linear divergence at higher doses).  This response difference is due to the 

electron/hole traps that are ultimately responsible for the observed TL forming at 

different rates and/or due to the instability of the low temperature peak (discussed 

later) and the increased time it takes to deliver higher doses. 

5.2 Source of Borosilicate Glass 

Borosilicate samples from different geographical origins were observed to have 

significant differences in their glow curves following irradiation.  Figure 5-4 shows the 

resulting glow curves for glass samples from the five geographically different sources 

Figure 5-4: Glow curves for glass samples from 5 geographically different 
sources 20 min after receiving a total dose of 20 Gy from 60Co. 
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approximately 20 min after receiving a total dose of 20 Gy from a 60Co source.  As can be 

observed, the TL signal differed in both intensity and shape among the various glass 

sources with Glass A having a significantly higher TL signal than the samples from the 

other regions. 

Upon closer examination, 

the shapes of the TL glow curves 

can be sorted into two 

classifications (Figure 5-5).  The 

first class, which includes glass 

from regions A, C, and E, are glow 

curves with two readily 

distinguished low- and high-

temperature peaks located near 

120°C and 230°C, respectively 

(Figure 5-5a).  The relative ratio of 

intensities of the low- to high-

temperature peak in this group 

ranged from 0.85 to 1.05.  The 

second class, which includes glass 

from region B and D, has a relative 

intensity ratio of the low- to high-

(a) 

(b) 

Figure 5-5: Glow curves for glass samples from 5 
geographically different sources sorted 
into two classifications: (a) curves with 
two readily distinguished peaks, and (b) 
curves with peaks that are not readily 
distinguishable. 
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temperature peak of approximately 0.65.  This creates glow curves with low- and high-

temperature peaks that are not readily distinguishable (Figure 5-5b), though the peaks 

still appear to be located near 120°C and 230°C. 

5.2.1 Minimum Measurable Dose 

The limit of quantification (LOQ) is defined as the lowest level at which a 

measurement is quantitatively meaningful and is typically defined as a response 

that is larger than or equal to ten times the standard deviation of the blank 

signal.319  To determine the LOQ, 20 blank samples of each glass were analyzed, 

and the LOQ of thermoluminescence was determined to be 0.002 nA/mg.  This 

equates to an absorbed dose, or Minimum Measurable Dose (MMD), of 0.15 Gy 

in Glass A, 0.25 Gy in Glass B, 0.3 Gy in Glasses C and D, and 0.5 Gy in Glass E. 

As outlined in earlier work,26-27 it is possible to estimate the exposure 

accumulated over time ( ̇) from a specific source:162 

 ̇  
   

          (5.1) 

where  ̇ is in R/hr,    (R cm2 h-1 mCi-1) is the exposure rate constant for a specific 

isotope of interest,   is the activity of the source in mCi, and   is the distance 

from the source in cm.  The literature162 provides values for    for three 

radioactive isotopes (60Co, 137Cs, and 226Ra) which are considered to be high risk 

precursor materials for the production of radioactive dispersal devices (RDD).320  

A total gamma ray exposure of 100 R (Roentgen) roughly equates to 0.872 Gy.11  

By assuming that the total absorbed dose in air is equivalent to that in glass and 
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a distance between the material and container wall of 1 cm, the minimum 

amount of the three aforementioned radionuclides that would be required to 

deliver a measurable radiation dose can be estimated.  The curves in Figure 5-6 

show the mass of 60Co, 137Cs, and 226Ra required to deliver the MMD in each 

glass sample over a given irradiation time for a sample 1 cm from the radiation 

source. 

5.2.2 Thermoluminescence Fading 

The glow curve responses were observed to decrease (fade) as a function 

of time following irradiation in each glass.  Figures 5-7 to 5-11 show results from 

fade tests of glass samples receiving a total absorbed dose of 20 Gy from a 60Co 

Figure 5-6: The estimated mass and irradiation time required to deliver a 
measurable dose to the studies borosilicate glass for three 
radioisotopes (1 cm between the material and container wall). 
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source.  As can be observed, the 120°C peak rapidly decayed in the first 24 hrs to 

7 days.  The 230°C peak also appeared to decay to different extents in the 

various glasses.  Through other tests (not shown), decay had mostly stopped by 

70 days.  All glow curves appear to have a similar shape by 70 days. 

As a result of this fading, the 230°C peak of a sample having received the 

MMD would be detectable (a response that is larger than or equal to three times 

the standard deviation of the blank signal)319 for approximately 1 year post-

irradiation.  However, the signal from a sample that received 10 times the MMD 

(a 48 ng source of 60Co exposing for 10 days in the case of Glass A) could 

potentially be detectable and measurable for approximately 6.6 x 1012 years; the 

signal is permanent until the sample is heated. 

Figure 5-7: Glow curves for Glass A samples at 20 min, 1 hr, 24 hr, 7 d, and 
70 d after receiving a total dose of 20 Gy from 60Co. 
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Figure 5-8: Glow curves for Glass B samples at 20 min, 1 hr, 24 hr, 7 d, and 
70 d after receiving a total dose of 20 Gy from 60Co. 

Figure 5-9: Glow curves for Glass C samples at 20 min, 1 hr, 24 hr, 7 d, and 
70 d after receiving a total dose of 20 Gy from 60Co. 
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Figure 5-10: Glow curves for Glass D samples at 20 min, 1 hr, 24 hr, 7 d, 
and 70 d after receiving a total dose of 20 Gy from 60Co. 

Figure 5-11: Glow curves for Glass E samples at 20 min, 1 hr, 24 hr, 7 d, 
and 70 d after receiving a total dose of 20 Gy from 60Co. 
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5.3 Irradiation Source 

Glass samples were also irradiated with beta particles (90Sr – maximum 546 keV; 

90Y – maximum 2.28 MeV), x-rays (14 keV), and a 245 nm UV-lamp (4.9 eV).  The 

resulting TL glow curves and decay patterns (Appendix) for both beta particles and x-

rays were very similar to gamma irradiations (60Co – 1.17 and 1.33 MeV and 137Cs – 0.66 

keV) at the same dose rate.  When glass samples were irradiated with a 254 nm UV-

lamp, differences in the shape and intensity of the resulting TL glow curves were 

observed between those resulting from a UV irradiation and those resulting from the 

other forms of ionizing radiation. 

After UV irradiations, only one peak was readily observed.  Figure 5-12 shows the 

resulting glow curves approximately 20 min after a 30 min exposure with a 254 nm UV-

lamp for the five glass samples.  The location and decay of the peak is similar to the 

unstable low temperature peak (120°C) of the gamma-irradiated glass.  Results from 

fade tests of UV-irradiated glass samples are shown in Figures 5-13 to 5-17. 
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Figure 5-12: Glow curves for glass samples approximately 20 min after 
being irradiated with a 254nm UV-Lamp for 30 min. 

Figure 5-13: Glow curves for Glass A samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, 
and 56 d after being irradiated with a 254nm UV-Lamp for 30 min. 
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Figure 5-14: Glow curves for Glass B samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, 
and 56 d after being irradiated with a 254nm UV-Lamp for 30 min. 

Figure 5-15: Glow curves for Glass C samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, 
and 56 d after being irradiated with a 254nm UV-Lamp for 30 min. 
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Figure 5-16: Glow curves for Glass D samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, 
and 56 d after being irradiated with a 254nm UV-Lamp for 30 min. 

Figure 5-17: Glow curves for Glass E samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, 
and 56 d after being irradiated with a 254nm UV-Lamp for 30 min. 
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As stated, a UV irradiation appeared to create only one peak in the glass, and the 

location of this peak and its subsequent decay corresponded reasonably well with the 

120°C peak seen from the other radiation sources.  However, a high temperature peak 

was not initially observed in glass irradiated by UV.  This suggested the sources 

controlling defect formation in the UV and gamma irradiation may be similar with the 

exception of an energy barrier to mechanisms driving UV-induced defect formation.  

However, closer inspection of the 20 min and 1 hr glow curves of Glasses B and D (Figure 

5-14 and Figure 5-16) revealed evidence of a high temperature peak centered near 

200°C.  Glasses C and E (Figure 5-15 and Figure 5-17), where the overall intensity of the 

120°C peak is not as great, also indicates of a high temperature peak centered near 

200°C.  Additionally, at 56 day post-irradiation, all of the glass samples showed TL glow 

curves nearly identical in shape to those exposed to gamma, beta, and x-ray irradiations 

after similar decay times.  This suggests that mechanisms controlling radiation induced 

defect formation from gamma, beta, x-ray, and UV sources may be similar, but the 

population of traps differs among the different types of ionizing radiation. 

5.4 Thermoluminescence Glow Curve Deconvolution 

As seen in Figure 5-4, in the 70 d post-irradiation glow curves the 230°C peak is 

extremely broad with a peak width at half maximum as large as 150°C in some of the 

glasses.  This is a good indicator that the peak is a combination of closely overlapping or 

quasi-continuous peaks.321-323  The Tm-Tstop method is a technique that can be used to 
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estimate both the number and position of individual TL peaks within complex glow 

curves.8, 12, 323 

The Tm-Tstop method is based on monitoring the position of the peak 

temperature at the maximum, Tm, of the lowest visible temperature peak.  With 

increasing temperature, the lowest visible temperature peak will shift to a higher 

temperature as the more unstable recombination processes occur.  The process is 

outlined below, and Figure 5-18 shows a schematic representation of the process.8, 12  

1. An irradiated sample is heated at a linear heating rate, from room 

temperature to a temperature Tstop which corresponds to a position on 

the low temperature tail of the first TL peak in the glow curve. 

2. Once the sample 

reaches Tstop, the sample 

is rapidly cooled down to 

room temperature. 

3. The sample is then re-

heated at a linear 

heating rate to record 

the whole glow curve. 

4. The position of the first 

maximum, Tm of the 

glow curve is recorded. 

Figure 5-18: Schematic representation of the 
Tm-Tstop method.  The sample is 
heated to a temperature Tstop 
and then rapidly cooled to room 
temperature.  The same sample 
is then re-heated to record the 
remaining glow curve.  The 
position of the first maximum, 
Tm, of the glow curve is 
recorded.  Adapted from [8]. 
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5. A plot of Tm vs. Tstop is generated. 

As long as there is adequate separation between the TL peaks (not necessarily 

visibly observable), the number and approximate location of the TL peaks can be gained 

by plotting Tm vs. Tstop.  In the plot, the regions where Tm levels out are indicators of a TL 

peak located near the correlating Tm.  The plot can also be used to gain an estimate of 

the kinetics of the recombination processes (discussed in Chapter 6) with first order 

kinetics creating a “staircase” 

function, and second and 

general order kinetics creating 

a “wavy” function.  A 

schematic representation the 

Tm-Tstop method is shown in 

Figure 5-19. 

The Tm-Tstop method 

was used to analyze samples 

of Glass A immediately after 

receiving a total absorbed 

dose of 20 Gy from a 60Co 

source.  From this analysis, the 

glow curve was separated into 

five peaks centered at 

Figure 5-19: Schematic representation of Tm-Tstop 
analyses for a single peak (1st column), 
overlapping peaks (2nd column), and 
quasi-continuous or closely overlapping 
peaks (3rd column).  The resulting Tm-Tstop 
functions for 1st order (middle row) and 
2nd order (bottom row) kinetics are 
shown.  Adapted from [8]. 
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approximately 120, 160, 225, 300, and 340°C (Figure 5-20).  As all the glasses appeared 

to have peaks around the same locations and the Tm-Tstop method only provides 

evidence of approximate locations of possible peaks, it was assumed that a Tm-Tstop 

analysis of the other glasses would be similar. 

Figure 5-20: The Tm-Tstop analysis for irradiated samples of Glass A.  The 
analysis showed evidence of five peaks centered at 
approximately 120, 160, 225, 300, and 340°C.  It was assumed 
that a Tm-Tstop analysis of the other glasses would be similar. 
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Chapter 6  

Peak Modeling 

6.1 Thermoluminescence Peak Models 

As described in Chapter 4, thermoluminescence is the emission of light from an 

insulator or semiconductor that is observed when the solid, which has previously been 

exposed to ionizing radiation, is thermally stimulated.  This is the result of trapped 

electrons and holes recombining in a way that emits light.  The nature of 

thermoluminescence means that the centroid and shape of the resulting peaks of a glow 

curve can give information about the characteristics of the trap(s) involved in its 

recombination process.  In particular, the measurements yield information on the 

trapping energy,   (eV), and the frequency factor,   (s-1), which may be simply thought 

of as how often a trapped charge will attempt to leave a trap (sometimes referred to as 

the attempt-to-escape factor).8, 10-12, 260, 269, 324-325 

Mathematical models have been developed that use these factors to describe 

the centroid, shape, and decay patterns of the observed TL peaks from the glass 

samples.  These models involve some approximations: (1) the concentration of the 

electrons in the conduction band,    (m-3), is always very much less than the number of 

trapped electrons,   (m-3), 

            (6.1) 
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and (2) the rate of change of the electrons entering or leaving the conduction band is 

small compared to the rate of change of the concentration of trapped electrons. 

   

  
 

  

  
         (6.2) 

Taken together, these equations imply that the lifetime of electrons in the conduction 

band is much less than the lifetime of electrons in a trap.8  For simplicity, only electron 

transitions were considered; similar equations could be given for hole transitions. 

 Through heating, the trapped electrons can be stimulated to the conduction 

band.  These electrons will either be retrapped or recombine with trapped holes, 

possibly accompanied with light output.  By comparing the rate, or probability, of 

retrapping,   , with the rate, or probability, of recombination,   , the glow curves are 

classified into different kinetic types. 

 If the rate of recombination is much greater than the rate of retrapping, the glow 

peak follows first-order kinetics.260, 326-327 

              (6.3) 

Under this criterion, the expected intensity of a recombination process (TL glow peak), 

    , can be written as:10, 260, 325-328 
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)      (6.4) 

where   is Boltzmann’s constant (eV K-1) and   is the absolute temperature (K).  

Integrating from     to  , using a constant heating rate         (K s-1) yields the 

first-order expression for a TL peak 
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where    (m-3) is the initial value of   at time    ,    (K) is the initial temperature at 

time    , and    is a dummy variable used for integration that represents 

temperature.  Simulated first-

order glow curves with arbitrary 

but representative parameters are 

given in Figure 6-1.  From these 

glow curves, it can be seen that as 

a first-order glow peak decays 

away, the temperature of the 

peak max (Tmax or Tm) remains 

constant.  This can also be viewed 

as the Tmax of the glow curve will 

always be at the same 

temperature as the dose delivered to a material increases if the TL peak follows first-

order kinetics.  It should also be noted that the peaks are relatively narrow, and the tail 

appears on the lower temperature end of the curve in the case of first-order TL kinetics. 

In the situation where rate of recombination and the rate of retrapping are 

equal, the glow peak would follow second-order kinetics.260, 326-327 

              (6.6) 

Under this criterion, the expected intensity of a recombination process can be written 

as:8, 12  

Figure 6-1: Simulated first-order glow curves 
computed at various values of 𝑛𝑜 and 
with 𝐸      eV, 𝑠     0 s-1, and 
𝛽     K/s.  Adapted from [8]. 
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with 

                 (6.8) 

where   is the total trap concentration (m-3).  Again, integrating from     to  , using a 

constant heating rate   yields the second-order expression for a TL peak.8, 10, 268-269, 325-327 
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Some simulated second-order glow curves with arbitrary but representative parameters 

are shown in Figure 6-2.  From these glow curves, it can be seen that as a glow peak that 

follows second-order kinetics decays away, the location of Tmax shifts to a higher 

temperature.  Unlike the first-

order case, TL peaks following 

second-order kinetics have a tail 

that appears on the higher 

temperature end of the curve.  

Second-order peaks are also 

broader than first-order peaks 

(Figure 6-3).  If all parameters are 

equal (i.e.  ,  ,  ,  , and   ), the 

overall intensity at Tmax will also 

be greater for a first-order peak. 

Figure 6-2: Simulated second-order glow curves 
computed at various values of 𝑛𝑜 and 
with 𝐸      eV, 𝑠     0 s-1, and 
𝛽     K/s.  Adapted from [8]. 
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 If neither the criteria for 

first-order kinetics (rate of 

recombination is much higher 

than rate of retrapping) or second-

order kinetics (rate of 

recombination and retrapping are 

equal) are met, general-order 

kinetics may be applied to the 

glow peak.328-330  Using general-

order kinetics the expected 

intensity of a recombination 

process can be written as:10, 327 
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where   is defined as the general-order parameter.  At     or  , the above intensity 

expression reduces to that of first- and second-order kinetics, respectively.  Integration 

now gives: 
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The shape of a glow peak following general-order kinetics would fall between a first- 

and second-order peak when   is between 1 and 2 with all other parameters equal, or 

Figure 6-3: Comparison of TL glow peaks that follow 
first- and second-order kinetics with 
𝐸      eV, 𝑠     0 s-1, 𝛽     K/s, 
and 𝑛𝑜      m-3.  Overall intensities 
were shifted for comparison.  Adapted 
from [8]. 
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broader with a longer tail than a 

second-order peak when   is 

greater than 2 (Figure 6-4). 

 Unlike the first-order 

kinetics where Tmax does not 

change with increasing dose or 

peak decay, the second- and 

general-order kinetic equations 

predict that by increasing    (i.e. 

increasing the dose), Tmax would 

shift towards a lower temperature.  

However, these predictions are in disagreement with the experimental behavior of 

many dosimetric materials.331-333  This can be accounted for by linking   to the number 

of initially filled traps (traps filled immediately following irradiation) rather than the 

total number of available traps.  The ratio of    to   then becomes the parameter that 

influences how much decay has taken place, and their overall intensity only affects the 

overall peak intensity observed in a glow curve.334 

6.2 Parameter Acquisition 

Several analyses have been developed to determine the corresponding 

parameters of the glow peaks in a TL glow curve.8, 12, 267, 333  In general, the analysis 

becomes easier when each glow peak is isolated, or mostly isolated from the other 

Figure 6-4: Simulated general-order glow curves 
computed at various values of 𝑏 and 

with 𝐸      eV, 𝑠     0 s-1, 
𝑛𝑜

𝑁
  , 

and 𝛽     K/s.  Adapted from [10]. 
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peaks in the overall glow curve.  With an isolated peak, the Kirsh method334-335 can be 

applied to determine the parameters  ,  , and  .  As the parameters   and   measure 

values with the most physical meaning (trap depth and attempt-to-escape factor, 

respectively),333 this method is of particular interest. 

The Kirsh method analyzes the shape of an isolated glow peak by taking the 

difference of TL intensity and remaining area under the glow curve (area under curve 

from point   to    ) between a reference point and multiple other points along the 

curve.  It then uses the mathematical relationships in the general-order kinetics 

equation to determine  ,  , and  .  It was shown that:334-335 
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where   represents the difference between any two points along the glow curve.  The 

value    ⁄  is given by the area of the TL glow peak from the given point       of the 

peak to the end of the peak, namely  
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where    is the end point temperature of the glow peak (ideally     ).334 

 As can be seen from equation (6.12), plotting        (
 

  
)⁄  against 

   (
 

 
)    (

 

  
)⁄  will create a line with slope (   ⁄ ) and intercept  .  By knowing the 

activation energy, or trap depth, ( ), the order of kinetics ( ), the peak temperature 

(   , and the heating rate used ( ), the frequency factor ( ) can be calculated as 

follows:334-336  
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The integral ∫    ( 
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 can be expressed in terms of a second exponential 

integral as:334, 337 
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6.2.1 Peak Separation 

In order to apply the Kirsh method, a glow peak needs to be isolated from 

the other peaks.  From observation of the TL fading seen in the gamma-

irradiated glass samples (Figures 5-7 to 5-11), it appears that the majority of the 

fading occurs in the low-temperature region.  Upon examination of the TL fading 

curves from UV-irradiated glass samples (Figures 5-13 to 5-17), it appears that 

the intensity of the low-temperature region is much greater than the high-

temperature region.  It also appears that the fading stops between 7 and 28 days 

post-irradiation, and all further fading appears to follow first-order kinetics.  If 

several assumptions are made, then it becomes possible to separate a low- and 
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high-temperature peak for evaluation with the Kirsh method for the peak 

parameters. 

1. The glow peaks have the same parameters regardless of the 

source of irradiation, but only their relative intensities differ. 

2. The low-temperature peak is completely faded by 28 days post-

irradiation. 

3. The fading that occurs in the high-temperature region can be 

modeled by first-order kinetics. 

4. The low-temperature region fades at the same rate in UV- and 

gamma-irradiated samples. 

Using these assumptions, low- and high-temperature glow peaks can be 

extracted for each of the studied glasses as follows (Figure 6-5): 

1. Using the UV-irradiated data, multiples of the 56 day 

post-irradiation glow curve are subtracted from the 

other glow curves resulting in an isolated low-

temperature peak (Figure 6-5c). 

2. The isolated low-temperature peak is subtracted from 

corresponding gamma-irradiated glow curves resulting in 

an isolated high-temperature peak (Figure 6-5e). 
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These resulting TL curves then form the basis for evaluation using the Kirsh method, and 

provide a starting point for estimating the true peak parameters that control the 

occurring recombination processes. 

Figure 6-5: Example separation of low- and high-temperature region of TL glow curve using 
Glass B: (a) TL glow curves of UV-irradiated samples at various times post-
irradiation; (b) Subtraction of 56 d glow curve resulting in curves of the faded 
signal; (c) Removal of the tail by subtracting multiples of the 56 d glow curve; 
(d) The isolated peak is compared to gamma-irradiated glow curves; (e) The 
low-temperature region is subtracted to isolate a high-temperature region. 

(a) 

(b) (c) 

(d) (e) 
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6.2.2 Peak Parameters 

Using the Kirsh method to analyze the peaks isolated through the 

aforementioned method resulted in the parameter values reported in Table 6-1 

for the low temperature peak.  The values of  ,  ,  , and      were roughly the 

same regardless of the glass and in line with literature values of these 

parameters.338  A linear correlation was not observed for the high-temperature 

peak using the Kirsh method; therefore, the acceptable parameter values could 

not be achieved.  This is likely due to the high-temperature peak being a 

combination of closely overlapping peaks as determined through the Tm-Tstop 

analysis (Figure 5-20).  It is also possible that the isolated low-temperature peak 

has some overlap with the peak observed through Tm-Tstop centered near 160°C.  

6.3 Computerized Thermoluminescence Glow Curve Deconvolution 

For the Kirsh method to be applied, individual peaks are needed for analysis.  In 

many cases, a complete separation is not possible.8  As such, many techniques have 

been developed to determine peak parameters without separation.8, 12, 267  However, 

Table 6-1: TL peak parameters for isolated low- and high-temperature glow peaks using the 
Kirsh method. 
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the majority of these techniques requires some degree of peak separation and cannot 

be applied to closely overlapping peaks, as is present in the TL curves of the studied 

glasses (Figure 5-20).  One technique that could potentially determine the trap depth 

( ) of overlapping peaks was developed by Gobrecht and Hofmann and is known as the 

‘fractional glow technique’,339 discussed in Section 9.2.1. 

An alternative method is to use computerized glow curve deconvolution 

software to fit the experimental glow curves with peak models.  These programs 

optimize estimated parameters to give the best fit to the experimental data.  In this 

study, TL Glow Curve Analyzer, a glow curve deconvolution software developed by 

Chung et al.,340-345 was used.  This software offers the advantage of utilizing several 

different peak models, and can simultaneously optimize a set of peaks to multiple 

experimental glow curves.  This assists in modeling the fading that has been observed by 

allowing individual peaks to decay while holding others constant. 

Though the TL Glow Curve Analyzer has first-, second-, and general-order kinetic 

models, in order to optimize peaks to simultaneously model the observed fading, the 

general approximation (GA), also known as the generalized approach,333 was used.  In 

the general approximation, the kinetic order parameter ( ) is ignored, and the ratio of 

the rate of retrapping (  ) to the rate of recombination (  ) is used. 

  
  

  
         (6.19) 

Using this relationship, Halperin and Braner were able to show:8, 333, 341-343, 346 
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Unlike the first-, second-, and general-order kinetic models, the general approximation 

must be solved numerically rather than symbolically.333, 340-343 

Using the TL Glow Curve Analyzer, the glow curves of each of the five 

geographically diverse glass samples were deconvoluted as shown in Figures 6-6 to 6-10.  

A figure-of-merit (FOM)340, 347-348 was calculated 

with each deconvolution (Table 6-2).  A FOM less 

than 2.5% is considered a good fit.347  As can be 

observed, a good fit for the glow curves of each of 

the glasses was deconvoluted using the same set 

of glow peaks (parameters displayed in Table 6-3). 

Figure 6-6: Deconvoluted glow curve for Glass A samples approximately 
20 min after receiving a total dose of 20 Gy from 60Co. 

Table 6-2: Figure-of-merit values 
for deconvolution. 
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Figure 6-7: Deconvoluted glow curve for Glass B samples approximately 
20 min after receiving a total dose of 20 Gy from 60Co. 

Figure 6-8: Deconvoluted glow curve for Glass C samples approximately 
20 min after receiving a total dose of 20 Gy from 60Co. 
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Figure 6-9: Deconvoluted glow curve for Glass D samples approximately 
20 min after receiving a total dose of 20 Gy from 60Co. 

Figure 6-10: Deconvoluted glow curve for Glass E samples approximately 
20 min after receiving a total dose of 20 Gy from 60Co. 
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In this generalized analysis, the same set of peaks could be used to fit the glow 

curves with good agreement regardless of the glass source.  The peak locations were 

also in good agreement with those found through the Tm-Tstop method.  The most 

variation was seen in Peaks 4 and 5 which could be an indication of unidentified peaks.  

In addition to glass source, these same peaks could fit glow curves regardless of 

irradiation source (example of a fit for a UV irradiation is seen in Figure 6-11) or time 

post-irradiation (examples seen in Figures 6-12 to 6-15) by only changing the peak 

intensities.  This supports the hypothesis that the mechanisms involved in the 

production of the TL curves are the same for all the glasses studied, but the relative 

intensity of each mechanism varies between the glasses and the type of ionizing 

radiation.  These mechanisms are not currently well understood, but are thought to be 

related to differences in composition, manufacturing process, or both.  By observing the 

electron/hole traps and following their decay, these can be compared to the observed 

TL decay to gain insights into the mechanisms of the TL peak formation (Chapter 7).  

Understanding can also be gained by correlating the glass composition to changes in the 

observed TL peak intensities (Chapter 8). 

Table 6-3: Peak parameters obtained using TL Glow Curve Analyzer.  Peak locations 
using the Tm-Tstop method are provided for comparison. 
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Figure 6-12: Deconvoluted glow curve for Glass A samples at 1 hr after 
receiving a total dose of 20 Gy from 60Co. 

Figure 6-11: Deconvoluted glow curve for Glass A samples approximately 20 
min after being irradiated with a 254nm UV-Lamp for 30 min. 
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Figure 6-13: Deconvoluted glow curve for Glass A samples at 24 hr after 
receiving a total dose of 20 Gy from 60Co. 

Figure 6-14: Deconvoluted glow curve for Glass A samples at 7 d after 
receiving a total dose of 20 Gy from 60Co. 
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Figure 6-15: Deconvoluted glow curve for Glass A samples at 70 d after 
receiving a total dose of 20 Gy from 60Co. 
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Chapter 7  

Electron Paramagnetic Resonance (EPR) 

7.1 Introduction 

As described in Chapter 4, electron paramagnetic resonance (EPR) spectroscopy 

can be used to study chemical species that have one or more unpaired electrons.14  As 

many of the electron/hole traps result in unpaired electrons (Section 3.5), it is a useful 

technique for studying radiation effects on solids.  For this study, continuous wave EPR 

spectra were collected at room temperature using a Bruker Elexys 580E EPR 

spectrometer at a fixed frequency of 9.82 GHz.  

Figure 7-1: EPR spectrum of Glass A at 1 hr after receiving a total dose of 
approximately 700 Gy from 60Co.  Spectrum was collected at a 
fixed frequency of 9.82 GHz. 
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 Initial studies using EPR were performed using Glass A.  Figure 7-1 shows an EPR 

spectrum from 950-3950 Gauss of Glass A 20 min after receiving a total dose of 

approximately 700 Gy from 60Co.  Two areas of interest were observed from the 

spectrum: (1) a single peak near 1650 G, and (2) a group of peaks from 3400-3550 G.   

The single peak near 1650 G is connected with Fe3+ ions in glass.174, 190, 349-352  At the 

irradiation doses used in this study, no significant change was observed in this signal as 

a result of ionizing radiation or time post-irradiation. 

7.2 Boron Oxygen Hole Center (BOHC) 

A closer look at the group of 

peaks from 3250-3400 G revealed 

five peaks and a shoulder structure 

(Figure 7-2) in all the glasses studied.  

This signal (the five peaks plus a 

shoulder) has been connected with 

the creation of boron oxygen hole 

centers (BOHC’s).146-147, 230, 255, 353-358  

This signal was also observed to 

decay with time yielding a constant 

signal around 14 days post irradiation.  Figure 7-3 shows the EPR signal at 1 hr and 21 d 

post-irradiation for comparison.   

Figure 7-2: EPR signal created in Glasses A-E 
after receiving a total dose of 
approximately 700 Gy from 60Co.  
Spectrum was collected at a fixed 
frequency of 9.82 GHz. 
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By integrating the EPR lines twice (Section 4.3), the relative amount of trap 

centers was calculated and followed with time.  The decay of the EPR signal appeared to 

have a short-lived component that followed a logarithmic decay, and a long-lived 

component that followed a very slow linear decay.  By subtracting off the linear 

component, a decay rate for the BOHC EPR signal was calculated for each of the 5 

glasses.  This was compared to the logarithmic decay fit to each of the 5 deconvoluted 

TL peaks found in Chapter 6.  Results of this analysis are presented in Table 7-1.  As can 

be seen, there is a strong correlation between the TL Peak 1 (120°C) and the BOHC 

observed in EPR.  This would suggest that the BOHC is involved in the recombination 

Figure 7-3: EPR signal from Glass A at 1 hr and 21 d after receiving a total 
dose of approximately 700 Gy from 60Co.  Signal decay virtually 
ceased by 14 d post-irradiation.  Spectrum was collected at a 
fixed frequency of 9.82 GHz. 
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process occurring during TL Peak 1.  However since the decay of the BOHC EPR signal 

ceases after approximately two weeks, Peak 1 is likely due to a trapped electron that is 

recombining with a trapped BOHC.  If the BOHC were recombining with a trapped 

electron, natural recombination involving the BOHC would be expected to continue 

beyond two weeks.  At approximately 14 days post-irradiation, this trapped electron 

species has “completely” recombined. 

EPR results for the different glasses also showed that approximately the same 

number of BOHCs is created per dose regardless of the glass source.  This means that 

the formation of BOHCs alone cannot explain the different response in the overall 

intensity of the TL glow curves in borosilicate glass from different regions. 

7.3 E′-Defect Center (Network Defect) 

After receiving a 700 Gy dose, some samples were heated to 400°C at 5°C/sec 

followed by rapid cooling.  Heated samples showed a much reduced EPR signal as well 

as almost complete destruction of the valley near 3510 G (Figure 7-4).  Malchukova and 

Boizot have linked this part of the EPR spectrum to the E′-defect center (network 

Table 7-1: Logarithmic decay rates for each of the deconvoluted TL peaks and the short-
lived component of the EPR signal for each of the 5 studied glasses. 
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defect).230, 358  Following the decay of this peak could potentially give further insights 

into the TL recombination processes that are occurring. 

Figure 7-4: EPR signal from Glass A that received a total dose of approximately 700 Gy 
from 60Co before and after being heated to 400°C followed by rapid cooling 
to room temperature.  The observed quintet in the unheated sample is 
attributed to the creation of Boron Oxygen Hole Centers (BOHC), and the 
loss of signal near 3510 G in the heated sample is associated with the 
destruction of E′-defects.  Spectrum was collected at a fixed frequency of 
9.82 GHz.  (Inset compares signal intensity) 



105 

 

Chapter 8  

Multivariate Analysis (MVA) 

8.1 Glass Composition 

The elemental composition of the glass from each of the five regions was 

determined by Southwest Research Institute (SWRI; San Antonio, TX).  Samples were 

digested by two techniques.  The first technique was a closed vessel digestion using 

concentrated nitric, hydrochloric, and hydrofluoric acids.  The second technique was 

performed using concentrated nitric, perchloric, hydrofluoric, and hydrochloric acids in 

an open vessel.  The first digestion technique was used to determine boron, chromium, 

and silicon as these elements are known to yield volatile fluoride species during 

digestion.  The remaining elements were determined using the second digestion 

technique.  Elemental composition was determined using Inductively Coupled Plasma-

Mass Spectroscopy (ICP-MS) and Inductively Coupled Plasma-Atomic Emission 

Spectroscopy (ICP-AES). 

Six aliquots of each glass sample were analyzed.  Table 8-1 shows the 

determined composition of each glass by major oxide component (in weight percent).  

The average composition of each minor and trace analyte is shown in Table 8-2 (values 

in ppm).  A “U” indicates that a value was “undetected”, or that the analyte was not 

present in the sample at a level above the method reporting limit (quantification limit–

Section 5.2.1), and the average reporting limit at the time of analysis is given. 
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Table 8-2: Average (n = 6) elemental composition of glasses and standard deviation.  
Values in ppm. 

Table 8-1: Average (n = 6) composition (weight percent) of glasses by major oxide 
component and standard deviation. 
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8.2 Multivariate Analysis (MVA) 

Multivariate statistical methods are used to cluster samples into distinct groups 

based on the variations within the different variables of the measured data set.  This 

clustering is accomplished by finding combinations of variables called principal 

components (PCs) that describe major trends in the data.  In effect, these methods take 

large data sets and look for common variances and combine these variations into single 

principal components.359-361  Also, essential information often lies not in any individual 

variable but in how the variables change with respect to one another (covariance).362 

8.2.1 Principal Component Analysis (PCA) 

Principal component analysis (PCA) is a chemometric tool that describes 

the common variance observed among differing datasets through PCs.  If   is a 

Table 8-2 (continued): Average (n = 6) elemental composition of glasses and standard 
deviation.  Values in ppm. 
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data matrix with   rows and   columns, with each variable being a column and 

each sample a row, PCA decomposes   as the sum of    and   :
361-362 

      
T        

T                
T                

T    (8.1) 

where the    vectors are known as scores and contain information on how the 

samples relate to each other, the    vectors are known as loadings and contain 

information on how the variables relate to each other,   is the mathematical 

rank of the data matrix, and the superscript T denotes transpose.  The scores and 

loading pairs in equation (8.1) represent the principal components, and their 

total number equals the mathematical rank ( ) of the data matrix.362  The     
T 

pairs are ordered according to the amount of variance captured.  The PCA model 

is generally truncated after the number ( ) of meaningful scores and loadings is 

discovered.361  Following truncation, the remaining PCs are consolidated into a 

residual matrix ( ):362 

      
T        

T                
T          (8.2) 

 PCA uses an eigenvector decomposition of the covariance (or correlation 

matrix) of the variables of the data set.  Provided that the columns of a given 

data matrix   with   rows and   columns have been mean-centered by 

subtracting off the original mean of each column, the correlation matrix of   can 

be defined as:362 

cov( )  
 T 

   
        (8.3) 
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The correlation matrix of   can also be given by equation (8.1) if the columns 

(variables) of   have been autoscaled (adjusted to zero mean and unit variance 

by dividing each column by its standard deviation).  In the PCA decomposition, 

the loadings (  ) are eigenvectors of the correlation matrix:362 

cov( )       
       (8.4) 

where    is the eigenvalue associated with the eigenvector   .  The scores (  ) 

form an orthogonal set (  
T 

 
   for    ), while the loadings are orthonormal 

(  
T 

 
   for     and   

T 
 
   for    ).362 

 Through this process, PCA finds the maximum variance among the 

samples in one direction, and then looks for the maximum variance remaining in 

a direction orthogonal to the first.  The process is repeated until all of the 

variance is accounted.  In general, in PCA analysis the data can be adequately 

described using far fewer factors than original variables.  PCA also often finds 

combinations of variables that are useful descriptions, or even predictors, of 

particular events or phenomena.  These combinations of variables are often 

strong indicators of laboratory sample or process conditions than individual 

variables due to the signal averaging aspects of PCA.360, 362 

8.2.2 Partial Least Squares (PLS) 

Partial least squares (PLS) regression is a multivariate calibration method 

that utilizes an approach analogous to PCA, and is based on inverse least squares 
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(ILS) methods.360-363  It assumes that a regression vector   can be used to 

determine a property of the system ( ) from the measured variables  :360-362 

             (8.5) 

The regression vector ( ) is determined using a collection of measurements  , or 

calibration matrix, and a vector   containing the respective values of the 

quantity of interest for each measurement in  .  PLS uses   and   to find factors 

called latent variables that capture variance in   while also achieving a 

correlation with  .  Ultimately, it tries to maximize the covariance between   and 

 .361-362  The PLS parameters can be calculated in several ways.  One such 

method is known as SIMPLS,362, 364 which was used in this work.  SIMPLS uses 

both   and   to calculate the scores ( ) and loadings ( ) which are similar to the 

scores and loadings from PCA.  It also calculates an additional set of vectors 

known as weights,  .  The addition of the weights is needed to keep the scores 

orthogonal.  Using these, SIMPLS can estimate the regression vector   as:360-362 

              (8.6) 

where    is the pseudo-inverse of  .  This pseudo-inverse (  ) is estimated by 

replacing the original variables in the calibration matrix   with linear 

combinations of the variables.361  It can then be estimated as:361-362 

                          (8.7) 
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The scores and loadings calculated in PLS are not the same as those calculated in 

PCA.  However, they can be thought of as PCA scores and loadings that have 

been rotated to be more relevant for predicting  .361-362 

8.2.3 Preprocessing 

Preprocessing is the modification of data done before building a model or 

analyzing the data.  The purposes of preprocessing are to linearize the response 

of the measured variables and to remove extraneous sources of variation which 

are not of interest in the analysis.362  In Section 8.2.1, some preprocessing 

methods were mentioned as criteria for the correlation matrix.  As these (mean-

center and autoscale) were used in this work, they require further explanation. 

8.2.3.1 Mean-Center 

A common preprocessing method is mean-centering.  In this 

method, the mean of each variable (in this case concentration) is 

calculated and subtracted from the column.  After mean-centering, each 

row of the mean-centered data effectively only includes how that row 

differs from the average sample in the original data matrix.362 

8.2.3.2 Autoscale 

Autoscaling is a preprocessing method that uses mean-centering 

followed by dividing each variable by the standard deviation of that 

variable.  This results in each column having a mean of zero and a 

standard deviation of one.  This is a valid approach to correct for different 
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variable scaling and units as long as the predominant source of variance 

in each variable is signal rather than noise.  Under these conditions, each 

variable is scaled such that its useful signal has an equal footing with the 

signal of the other variables.362  In this study, all the data was autoscaled 

prior to applying PCA and PLS. 

8.3 Potential Elements of Importance 

 PCA was applied to the elemental composition of the individual measurements 

for the glass samples for the 5 geographical regions using the PLS Toolbox365 for 

MATLAB.296  The compositional data was limited to the elements of largest structural 

importance to glass (network formers, network modifiers–alkali and alkaline earth 

metals, and network intermediates–transition metals).  The data was also limited to 

those elements where the element was observed above the reporting limit in at least 3 

of the 5 glasses.  Using PCA, the data was separated into groups using 3 PCs.  Plots of 
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Figure 8-1: PCA analysis of borosilicate glass: (a) plot of the scores of PC3 vs. PC2 
showing separation of the 5 glasses; (b) plot of the loadings of PC3 vs. PC2. 
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the scores and loadings of PC3 vs. PC2 are shown in Figure 8-1.  The separation of the 

glasses described in PC2 and PC3 had similarities to the classification of the glasses TL 

shape and the TL intensity of the glasses, respectively, and warrants further 

examination. 

As can be seen in Figure 8-2a, the scores of PC2 separated the 5 glasses 

according to their TL shape.  The loadings (Figure 8-2b) reveal the elements that 

contribute to the separation.  Of those that appear to have a significant contribution 

(±0.2) were the alkaline earths (affect the number of non-bridging oxygens; Section 2.4) 

and several network intermediates, including Al (affects the coordination of boron in 

glass; Section 2.6.2), Fe (a multivalent ion center; Section 3.5.4), and Zr (an electron 

trap; Section 3.5.4).  In general, both Glasses B and D have elevated concentration of all 

the elements that contribute to PC2 (Table 8-3).  
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Figure 8-2: PCA analysis of borosilicate glass: (a) scores for PC2 showing separation of 
the 5 sources according to their TL shape; (b) plot of the loadings of PC2 
with those elements with a loading above ±0.2 highlighted. 
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Where PC2 separated the glasses according to their TL shape, the scores of PC3 

showed separation that followed the general trend of overall TL intensity (Figure 8-3a).  

Of particular interest from the loadings (Figure 8-3b) is the separation and importance 

of potassium and sodium.  Boizot et al. have suggested that the total number of holes 

trapped on non-bridging oxygens can be linked to the ratio of sodium to the total 
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Figure 8-3: PCA analysis of borosilicate glass: (a) scores for PC3 showing separation of 
the 5 sources according overall TL intensity trend; (b) plot of the loadings of 
PC3 with two elements of particular interest (Na and K) highlighted. 

Table 8-3: Average (n = 6) elemental composition of glasses and standard deviation of 
those elements with loadings above ±0.2 for PC2.  Values in ppm. 
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amount of alkali metal present (
[  ]

[       ]
).174, 356  Though a correlation between the 

total amount of defects and the sodium : alkali ratio was not observed in this study 

using EPR, a similar trend to Boizot et al. was observed with the total overall TL intensity 

and TL intensity of the 225°C peak increasing as the sodium : alkali ratio decreases 

(Table 8-4).  

8.4 Thermoluminescence Intensity 

Following PCA, PLS was applied to the data set to find the minimum number of 

elements needed to adequately describe the observed thermoluminescence.  For these 

analyses, the elemental composition remained the input    , and TL properties were 

used as the output ( ).  As different samples of each glass were used to determine the 

elemental composition than those used in studying TL, the average (n=5) of the TL signal 

for each glass was used as the   for each sample for the corresponding glass. 

Using PLS, a model using one latent variable (LV) was created to predict the 

overall TL intensity of the glass by using all the elements with concentration levels above 

the reporting limit set by SWRI.  Variable Importance in Projection (VIP) scores estimate 

Table 8-4: Average (n = 6) elemental composition of glasses and standard deviation of alkali 
metals (in ppm) and percent Na of alkali content.  The normalized overall TL 
intensity and the normalized TL intensity of the 225°C peak are also given. 
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the importance of each variable in the projection used in a PLS model.  Variables with 

low VIP scores are less important and might be good candidates for exclusion from the 

model.366  Variables with low VIP scores were systematically removed to form a PLS 

model with the fewest variables that resulted in a coefficient of determination (  ) 

above 0.95.  Using this approach, a model was created that fit the overall TL intensity 

using only potassium and cerium (Figure 8-4).  Both potassium and cerium positively 

influenced the intensity (increasing the concentration increased the TL intensity).  The fit 

was improved by moving to two LVs (Figure 8-4b) which suggests that both variables are 

needed to predict the TL intensity, and the concentration of one element is independent 

of the other.  This suggests that cerium and potassium influence the probability that a 

recombination process is radiative. 

2 4 6 8 10

x 10
6

2

3

4

5

6

7

8

9

10
x 10

6

Measured Total Thermoluminescence

P
re

d
ic

te
d
 T

o
ta

l 
T

h
e
rm

o
lu

m
in

s
c
e
n
c
e

R 2̂ = 0.977
1 Latent Variable
RMSEC = 240142.1809
RMSECV = 344171.9042
Calibration Bias = -9.3132e-010
CV Bias = 29095.7431

(A)

(E)
(D)

(C)

(B)

2 4 6 8 10

x 10
6

2

3

4

5

6

7

8

9

10
x 10

6

Measured Total Thermoluminescence

P
re

d
ic

te
d
 T

o
ta

l 
T

h
e
rm

o
lu

m
in

s
c
e
n
c
e

R 2̂ = 0.992
2 Latent Variables
RMSEC = 124284.652
RMSECV = 207814.3592
Calibration Bias = 9.3132e-010
CV Bias = 68257.2954

(A)

(C)

(B)

(D)
(E)

(a) (b) 
    

    
Figure 8-4: PLS models to predict the overall TL intensity using potassium and cerium 

with: (a) 1 LV; and (b) 2 LVs. 
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8.5 Correlation of Elements to TL Glow Peaks 

PLS was also used to investigate the core influences of the individual TL peaks.  In 

order to do this, the factors that influence the overall TL intensity need to be 

marginalized.  This was done by normalizing the TL glow curves in two manners:  

(1) the individual glow peaks were normalized to Peak 3 (225°C) in 

their own glow curve (intensity of Peak 3 equals 1), and the ratios 

of the individual peaks to Peak 3 were modeled. 

(2) the entire glow curve was normalized to the high temperature 

region (intensity of the unseparated high temperature region 

equals 1), the ratios of the individual peaks to Peak 3 of Glass A 

were modeled.   

The resulting normalized glow curves can be observed in Figure 8-5, and the resulting 

peak ratios in Table 8-5.  

Figure 8-5: Resulting TL glow curves after normalizing the individual TL glow peaks to: 
(a) intensity of the deconvoluted Peak 3; and (b) intensity of the 
unseparated high temperature region. 

(a) (b) 
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8.5.1 Peak 1 (120°C) 

With the calculated ratios, PLS was used to find elements that influenced 

the relative peak intensity of Peak 1 in the TL spectrum.  The same method using 

VIP scores to systematically remove variables was again utilized.  Models were 

created (Figure 8-6) that fit the peak ratios using barium, calcium, and 

magnesium (alkaline earth metals).  A good fit (   above 0.95) was not achieved 

with just 1 LV using method (1) of normalizing; however, a good fit was achieved 

with method (2).  Both normalizing methods had good fits when 2 LVs were 

used.  In these PLS models, the alkaline earths negatively influenced the peak 

ratio (increasing the concentration decreased the relative TL intensity of Peak 1).  

Combining this result with the PCA, the alkaline earths are good candidates to 

explain the difference in the shape of the observed TL glow curves. 

 

 

 

Table 8-5: Peak ratios of the individual peaks after being normalized. 
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8.5.2 Peak 2 (160°C) 

PLS was also used to find elements that influenced relative peak intensity 

of Peak 2 (160°C).  As before, VIP scores were used to systematically remove 

variables.  Models were created using 1 LV through both normalizing techniques 

(Figure 8-7).  It was found that only cerium, potassium, and titanium were 
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Figure 8-6: PLS models to predict the relative intensity of Peak 1 (120°C) using barium, 
calcium, and magnesium with: (a) 2 LVs normalized through method (1);    
(b) 1 LV normalized through method (2); and (c) 2 LVs normalized through 
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needed to construct the model, and all of these variables had a negative 

influence on the peak ratio. 

Though attempts were made at correlating the other peak ratios to 

elemental variables, efforts, thus far, have been unsuccessful (a fit with a    

above 0.95 and using less than 10 elements in the model). 
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Figure 8-7: PLS models to predict the relative intensity of Peak 2 (160°C) using cerium, 
potassium, and titanium with 1 LV.  Data was normalized through:               
(a) method (1); and (b) method (2). 
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Chapter 9  

Conclusion and Suggestions for Future Work 

9.1 Conclusion 

In this work, the thermoluminescence (TL) properties and the processes that 

govern the TL properties of commercial borosilicate glass were explored.  When 

irradiated with a gamma source (60Co), all TL glow curves of borosilicate glass from the 5 

studied geographical sources revealed a narrow, unstable low-temperature peak 

centered near 120°C and a broad, stable high temperature peak centered near 230°C.  

The TL glow curves of the different glasses could be separated into two classifications 

(Figure 5-5): (a) TL glow curve with two readily distinguished low- and high-temperature 

peaks, and (b) TL glow curve with low- and high-temperature peaks that are not 

resolved.  These classifications could also be viewed as: (a) TL glow curve with a relative 

ratio of the low- to high-temperature peak approximately equal to 1, and (b) TL glow 

curve with a relative ratio of the low- to high-temperature peak equal to approximately 

0.65.  Irradiations using beta and x-ray sources revealed similar TL properties when 

normalized for dose rate.  When compared with these irradiation sources (gamma, beta, 

and x-ray), UV irradiations showed TL glow curves with only one readily observable peak 

due to a much more intense low-temperature peak.  This suggests that mechanisms 

controlling radiation induced defect formation from gamma, beta, x-ray, and UV sources 
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may be similar, but the population of specific electron/hole traps differs based upon 

type of ionizing radiation. 

Further analysis revealed that all of the glow curves could be separated into the 

same TL peaks centered at 120, 165, 225, 285, and 360°C with parameters as reported 

in Table 6-3.  These five peaks could be used to reproduce the observed glow curves 

regardless of geographical source, irradiation source, or time post-irradiation by only 

changing the peak intensities.  This supports the hypothesis that the mechanisms 

involved in the production of the TL curves are the same for all the glasses studied, but 

the relative intensity of each mechanism varies between the glasses. 

The limit of quantification (LOQ) of the thermoluminescence signal was 

determined to be 0.002 nA/mg.  This equates to an absorbed dose, or Minimum 

Measurable Dose (MMD), of 0.15-0.5 Gy depending on the borosilicate glass source.  

The MMD is roughly equivalent to the dose that a 48-160 ng source of 60Co would 

deliver to a borosilicate sample in 24 hr if it was placed 1 cm from the sample. 

Electron paramagnetic resonance (EPR) results showed production of boron 

oxygen hole centers (BOHCs) and E′-defect centers (network defects).  Following the 

decay of the EPR signal of the BOHC revealed initial decay rates that were approximately 

equal to the observed 120°C TL peak (Peak 1) decay rate (Table 7-1) in all the studied 

glasses.  This suggests that the BOHC is involved in the recombination process occurring 

during TL measurement of Peak 1.  However, since the BOHC signal decay nearly ceases, 

it is likely a trapped electron that is recombining with a trapped BOHC.  At 
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approximately 14 days post-irradiation, this trapped electron species has “completely” 

recombined.  EPR results for the different glasses also showed that approximately the 

same number of BOHC is created per dose regardless of the glass source.  This means 

that the formation of BOHC alone cannot explain the different response in the overall 

intensity of the TL glow curves in borosilicate glass from different regions. 

Using partial least squares (PLS) regression, a positive correlation was found 

between the overall TL glow curve intensity and the concentration of potassium and 

cerium in the glass.  To remove the overall intensity factor, TL glow curves were 

normalized, and the ratio of individual peaks to Peak 3 (225°C) were examined.  After 

being normalized, analysis of the glasses using PLS revealed a negative correlation 

between the relative intensity of Peak 1 (120°C) and the concentration of the alkaline 

earth metals (magnesium, calcium, and barium) present in the glass.  Analysis using PLS 

also revealed a negative correlation between the relative intensity of Peak 2 (165°C) and 

the concentration of potassium, cerium, and titanium present in the glass. 

Overall, this work showed that the studied ionizing radiation (gamma, beta, x-

ray, and UV) imparted a stable, measureable TL signal to all the studied commercial 

borosilicate glasses.  This signal would be sufficient for calculations of residence time.  

The ionizing radiation also imparted an unstable TL signal which could potentially be 

beneficial for intrinsic dosimetry calculations of residence time, sample splitting, and 

amount of material that once resided in an empty container.  Hypothetical scenarios of 

some of these calculations are described below.26-27  The study also increased the 
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understanding of the mechanisms driving the TL processes by correlating a specific trap 

to a TL glow peak.  Correlations were also found between the TL properties (signal shape 

and intensity) and composition.  Additional probing of these relationships could provide 

additional understanding of the underlying TL mechanisms. 

9.1.1 Residence Time 

A 5 cm3 borosilicate vial containing 550 mg of 137Cs oxide solid has been 

discovered by cleanup crews at a disposal site.  A small section of the vial was 

interrogated by TL dosimetry.  The 225°C glow peak indicated the glass wall had 

received a total dose of 1.6E7 R.  Based upon the amount of 137Cs found in the 

container, the dose rate to the small section of the container wall was estimated 

to be 1.5E5 R h-1.  At this rate, the time required for accumulating the measured 

absorbed dose on the interrogated section of glass, or the time the material was 

assumed to reside in the glass prior to discovery, was estimated to be 

approximately 100 days. 

9.1.2 Sample Splitting 

Assuming the same container of Cs in scenario 1 was interdicted by 

investigators and all other aspects of scenario 1 are constant, except only 250 μg, 

instead of 550 mg, of 137Cs oxide from the container was recovered, the time 

since the material was placed in the vial would have been estimated to be 

approximately 600 years.  In this case, the extreme length of time would indicate 

a large portion of the material was removed at some point during transit. 
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9.2 Suggestions for Future Work 

This research has probed the TL properties of commercial borosilicate glass with 

similar composition to commercial borosilicate containers.  Analysis has focused on 

evaluating the properties of the observed TL glow peaks and the recombination 

processes that control them.  To further the understanding of the recombination 

mechanisms of each TL glow peak and the factors that control the relative intensity of 

each peak as well as the overall TL intensity, several additional investigations are 

proposed. 

9.2.1 Fractional Glow Technique 

Using computerized glow curve deconvolution software, an estimate of 

each of the separated TL glow peak parameters was found (Table 6-3).  These 

parameters should only be taken as initial estimates as the software undergoes 

iterations to find the best fit to the experimental glow curve within given 

restraints.  When TL glow peaks are well separated, many techniques can be 

employed to experimentally determine the peak parameters.8, 12, 267  However, 

when the peaks are closely overlapping, methods are limited.8  One technique 

that could potentially determine the trap depth ( ) of overlapping peaks was 

developed by Gobrecht and Hofmann and is known as the ‘fractional glow 

technique’.339 

In the fractional glow technique, the thermoluminescence glow curve of 

a sample is analyzed by repeated heating and cooling cycles where each heating 
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cycle is increased by only a few degrees.  This process is similar to the Tm-Tstop 

method (Section 5.4), but without analysis of the entire TL glow curve and the 

same sample is used throughout the analysis.  If the temperature is raised by 

only a few degrees there will be very little change in the number of trapped 

electrons ( ) during heating.  Thus, if the TL intensity is monitored during the 

cooling and heating cycles, there will be little difference in intensity between the 

two cycles.  By repeatedly heating and cooling the sample in small cycles, the 

average trap depth ( ) being emptied during each temperature cycle may be 

determined from the slope of the heating and cooling curves.8, 339 

The main problems with this technique are experimental.  For the best 

results, the heating rate should be quite high to give a short cycle interval in 

order to ensure that only a few traps are affected.  This requires there to be 

excellent thermal contact between the sample and the heating strip.  The form 

of the sample also needs to be considered as a thermal gradient may be induced 

across the sample at higher heating rates.8  The technique also generates 

enormous amounts of data which would require computerized handling 

procedures.8, 339, 367  Additionally, the software controlling the Harshaw 3500 TL 

Reader has limited control of heating and does not have the option to monitor 

the thermoluminescence output during the cooling cycle.  To employ this 

method, alterations to the instrument/software would need to be made. 
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9.2.2 Analysis of Thermoluminescence Wavelength 

The Harshaw 3500 TL Reader uses a photomultiplier tube (PMT) sensitive 

to light output in the 280-630 nm spectral range.292  However, in the recorded TL 

glow curve, there is no distinguishing between the emitted wavelengths.  As 

suggested by Levy et al.368 and Mattern et al.,369 simultaneous analysis of the 

spectrum of the wavelength emitted and the total thermoluminescence could 

provide information of the traps involved in the recombination processes.  To 

perform this analysis, alterations to the Harshaw 3500 TL Reader would need to 

be made, or a new TL reader would need to be built.  The analysis would involve 

insertion of an additional instrument (such as a spectrometer) between the 

sample and the PMT.370-371 

9.2.3 Investigation of Multivalent Traps 

In studies using electron paramagnetic resonance (EPR) spectroscopy to 

study the electron/hole traps created in the glass, a single EPR peak near 1650 G 

was observed (Figure 7-1).  This EPR peak has been connected with Fe3+ ions in 

glass.174, 190, 349-352  At the radiation doses used in this study, no significant change 

was observed in this signal as a result of ionizing radiation or time post-

irradiation.  A more detailed study focused solely on this signal could connect the 

iron multivalent traps to the observed TL peaks. 
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9.2.4 EPR Investigations Following Successive Heating Cycles 

The Tm-Tstop method (Section 5.4) is a technique that can estimate both 

the number and position of individual TL glow peaks within a complex glow 

curve.8, 12, 323  This idea could be applied to EPR to connect individual 

electron/hole traps to the TL glow peaks.  In Section 7.3, it was shown that the 

EPR signal from 3250-3400 G was greatly reduced after samples were heated to 

400°C at 5°C/sec followed by rapid cooling.  In addition, there was almost 

complete destruction of the valley near 3510 G (Figure 7-4) which has been 

connected to the E′-defect center (network defect).230, 358  By monitoring the EPR 

signal after incremental heating and cooling cycles, the decay of these peaks in 

relation to each other could potentially give further insights into the TL 

recombination processes that are occurring. 

9.2.5 Glass Composition 

In Chapter 8, multivariate statistical methods were used to find 

correlations between elemental concentrations and overall TL glow curve 

intensity and TL glow peak ratios.  The analysis was limited by the compositional 

variation from the commercial borosilicate glasses.  Though some variation 

existed and potential connections were found, competing compositional changes 

make it difficult to identify TL response due to individual elemental variation.  To 

better understand the effect on TL response due to compositional changes, 

control over the glass manufacturing processes would be needed.  Future 
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experimentation should include synthesizing glass in the laboratory and 

analyzing the effects on TL response by changing the concentration of individual 

elements.  The important elements identified through principal component 

analysis (PCA) and partial least squares (PLS) regression should be used as 

starting point of this experimentation. 

9.2.6 Manufacturing Conditions 

In addition to the suggested future work above involving glass 

composition, analysis of the effects on TL response due to manufacturing 

conditions should also be explored.  The ratio of the oxidative states of 

multivalent ions is controlled by the manufacturing procedure (reductive vs. 

oxidative environment).148-152  As these are potential electron/hole traps, the 

manufacturing procedure could have an impact on the observed TL. 

In addition to the manufacturing conditions, other manufacturing 

processes could have an impact on the TL signal and need to be explored.  After 

a glass bottle (or other product) is formed, it is generally reheated to a specified 

temperature (annealed) and cooled down at controlled temperatures.308, 372-374  

This process is used to eliminate areas of stress in the glass to strengthen it.374-375  

Depending on the procedure used, the amount of intrinsic defects, and available 

electron/hole traps, in the glass could be altered.



130 

 

LIST OF APPENDIX FIGURES 

Figure A-1: Glow curves for Glass A samples at various times after being irradiated with 
a 254 nm UV-Lamp for 30 min. 

Figure A-2: Deconvoluted glow curve for Glass A samples approximately 20 min after 
being irradiated with a 254 nm UV-Lamp for 30 min. 

Figure A-3: Glow curves for Glass B samples at various times after being irradiated with 
a 254 nm UV-Lamp for 30 min. 

Figure A-4: Deconvoluted glow curve for Glass B samples approximately 20 min after 
being irradiated with a 254 nm UV-Lamp for 30 min.  

Figure A-5: Glow curves for Glass C samples at various times after being irradiated with 
a 254 nm UV-Lamp for 30 min. 

Figure A-6: Deconvoluted glow curve for Glass C samples approximately 20 min after 
being irradiated with a 254 nm UV-Lamp for 30 min. 

Figure A-7: Glow curves for Glass D samples at various times after being irradiated with 
a 254 nm UV-Lamp for 30 min. 

Figure A-8: Deconvoluted glow curve for Glass D samples approximately 20 min after 
being irradiated with a 254 nm UV-Lamp for 30 min. 

Figure A-9: Glow curves for Glass E samples at various times after being irradiated with 
a 254 nm UV-Lamp for 30 min. 

Figure A-10: Deconvoluted glow curve for Glass E samples approximately 20 min after 
being irradiated with a 254 nm UV-Lamp for 30 min. 

Figure A-11: Glow curves for Glass A samples at various times after receiving a total 
dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 

Figure A-12: Deconvoluted glow curve for Glass A samples at 1 hr after receiving a total 
dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 

Figure A-13: Glow curves for Glass B samples at various times after receiving a total 
dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 

Figure A-14: Deconvoluted glow curve for Glass B samples at 1 hr after receiving a total 
dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 



131 

 

Figure A-15: Glow curves for Glass A samples at various times after receiving a total 
dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 

Figure A-16: Deconvoluted glow curve for Glass A samples at 1 hr after receiving a total 
dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 

Figure A-17: Glow curves for Glass B samples at various times after receiving a total 
dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 

Figure A-18: Deconvoluted glow curve for Glass B samples at 1 hr after receiving a total 
dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 

Figure A-19: Glow curves for Glass A samples at various times after receiving a total 
dose of 1.5 Gy from 14 keV x-rays at 4.3 Gy/hr. 

Figure A-20: Deconvoluted glow curve for Glass A samples approximately 20 min after 
receiving a total dose of 1.5 Gy from 14 keV x-rays at 4.3 Gy/hr. 

Figure A-21: Glow curves for Glass B samples at various times after receiving a total 
dose of 1.5 Gy from 14 keV x-rays at 4.3 Gy/hr. 

Figure A-22: Deconvoluted glow curve for Glass B samples approximately 20 min after 
receiving a total dose of 1.5 Gy from 14 keV x-rays at 4.3 Gy/hr.
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Figure A-1: Glow curves for Glass A samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, and 56 d 
after being irradiated with a 254nm UV-Lamp for 30 min. 

Figure A-2: Deconvoluted glow curve for Glass A samples approximately 20 min after 
being irradiated with a 254nm UV-Lamp for 30 min. 
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Figure A-3: Glow curves for Glass B samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, and 56 d 
after being irradiated with a 254nm UV-Lamp for 30 min. 

Figure A-4: Deconvoluted glow curve for Glass B samples approximately 20 min after 
being irradiated with a 254nm UV-Lamp for 30 min. 
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Figure A-5: Glow curves for Glass C samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, and 56 d 
after being irradiated with a 254nm UV-Lamp for 30 min. 

Figure A-6: Deconvoluted glow curve for Glass C samples approximately 20 min after 
being irradiated with a 254nm UV-Lamp for 30 min. 
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Figure A-7: Glow curves for Glass D samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, and 56 d 
after being irradiated with a 254nm UV-Lamp for 30 min. 

Figure A-8: Deconvoluted glow curve for Glass D samples approximately 20 min after 
being irradiated with a 254nm UV-Lamp for 30 min. 

 



136 

 

  

Figure A-9: Glow curves for Glass E samples at 20 min, 1 hr, 24 hr, 7 d, 28 d, and 56 d 
after being irradiated with a 254nm UV-Lamp for 30 min. 

Figure A-10: Deconvoluted glow curve for Glass E samples approximately 20 min 
after being irradiated with a 254nm UV-Lamp for 30 min. 
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Figure A-12: Deconvoluted glow curve for Glass A samples at 1 hr after receiving a 
total dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 

Figure A-11: Glow curves for Glass A samples at 1 hr, 2 hr, 8 hr, 24 hr, 7 d, 28 d, and 56 d 
after receiving a total dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 
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Figure A-14: Deconvoluted glow curve for Glass B samples at 1 hr after receiving a 
total dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 

Figure A-13: Glow curves for Glass B samples at 1 hr, 2 hr, 8 hr, 24 hr, 7 d, 28 d, and 56 d 
after receiving a total dose of 1.5 Gy from a 137Cs source at 0.1 Gy/hr. 
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Figure A-15: Glow curves for Glass A samples at 1 hr, 2 hr, 8 hr, 24 hr, 7 d, 28 d, and 56 d 
after receiving a total dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 

Figure A-16: Deconvoluted glow curve for Glass A samples at 1 hr after receiving a 
total dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 
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Figure A-18: Deconvoluted glow curve for Glass B samples at 1 hr after receiving a 
total dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 

Figure A-17: Glow curves for Glass B samples at 1 hr, 2 hr, 8 hr, 24 hr, 7 d, 28 d, and 56 d 
after receiving a total dose of 1.5 Gy from a 90Sr/90Y source at 0.1 Gy/hr. 
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Figure A-20: Deconvoluted glow curve for Glass A samples approximately 20 min 
after receiving a total dose of 1.5 Gy from 14 keV x-rays at 4.3 Gy/hr. 

Figure A-19: Glow curves for Glass A samples at 20 min, 1 hr, 2 hr, 8 hr, 24 hr, 7 d, 
28 d, and 56 d after receiving a total dose of 1.5 Gy from 14 keV x-rays 
at 4.3 Gy/hr. 
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Figure A-21: Glow curves for Glass B samples at 20 min, 1 hr, 2 hr, 8 hr, 24 hr, 7 d, 
28 d, and 56 d after receiving a total dose of 1.5 Gy from 14 keV x-rays 
at 4.3 Gy/hr. 

Figure A-22: Deconvoluted glow curve for Glass B samples approximately 20 min 
after receiving a total dose of 1.5 Gy from 14 keV x-rays at 4.3 Gy/hr. 
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