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In this  study; the TL dosimetric properties and kinetic parameters of Cu and 

Pr-doped Sr2P2O7 were investigated. The investigations on pure Sr2P2O7 were 

indicated that it has one glow peak around 100 
0
C. On the other hand, it was 

observed that the Cu and Pr doped Sr2P2O7 has two glow peaks around 100 
0
C and 

200 
0
C. The detail dosimetric studies of glow peak around 200 

0
C were shown that 

this material can be one of the promising TLD material for dosimetric applications, 

i.e., personal dosimeter. The kinetic parameters of Sr2P2O7:Cu,Pr were analyzed by 

different methods such as additive dose (AD), TM -TS, repeteated initial rise (RIR), 

peak shape(PS) and computer glow curve deconvolution (CGCD). The additive dose 

technique was indicated that the kinetic orders of glow peaks of this sample were 

described with first-order kinetics. But the other methods were indicated that they 

have general-order kinetics. The results were shown that there is no good agreement 

and consensus between the kinetic parameters by various techniques due the 

variation in the emission spectrum of this sample with temperature, self-absorption 

and thermal quenching.  
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CHAPTER 1 

INTRODUCTION 

The TL dosimetries have been successfully used for radiation monitoring of 

personnel working around sources of ionizing radiations in the last forty years [1]. 

Recently, the use of TL dosimeter is especially increasing in radiation therapy [2]. 

Relative to the radiation therapy area, the studies on dosimetries continue on 

different areas [3]. Up to now, many kinds of materials, for instance, phosphate, 

sulfate, fluoride, borate, and oxide have been researched for finding an excellent 

thermoluminescence material [4]. There are many kinds of commercial 

thermoluminescence materials, but a few of them can be used in practice. Therefore, 

in order to discover a commercial dosimeter, the researches continue on the materials 

for TL dosimetry that have effective storage property. In this study, the TL properties 

of Cu and Pr doped Sr2P2O7 were investigated. 

Recently, different pyrophosphates like pure and doped have an important 

role in technology because of their features of luminescent, semiconductor, 

dielectric, catalytic, fluorescent, magnetic, and ion-exchange. Due to these features, 

there are many research going on about the synthesis of pyrophosphates [5–14]. For 

example, the semiconductive features of Ti and Zr pyrophosphate catalysts have 

been worked by Marcu et al [15]. The effect of tetravalent metals on the dielectric 

properties of ZrP2O7 and Ti2O7 was determined by Kim et al (1999) [16] and 

Amezawa looked at high temperature protonic conduction in Sr2P2O7-LaPO4 systems 

[17]. 

There are many investigations on the luminescent applications of 

pyrophosphates. Doat et al. [18] described allotropic forms and photoluminescent 

properties of europium-doped calcium pyrophosphates while Schipper et al. [19] 

examined the luminescence of hafnium pyrophosphate, which emit in the UV 

spectral range. In recent years, the crystal structure and luminescence spectra of a 

new potassium erbium pyrophosphate dihydrate ErKP2O7:2H2O were published by 
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Assaaoudi et.al. [20]. Ce-doped luminescence of the first lutetium diphosphate 

NH4LuP2O7 was shown by Li et al. [21]. 

In general, the metals of group I elements are rapidly -diffusing impurities in 

many compounds [22]. Therefore, the Cu-impurity diffuses through the Sr2P2O7 

lattice without any problem [23] and it is penetrate into the Sr2P2O7 lattice as a Cu
2+

-

ion in substitutional or interstitial sites. In the first case, it acts as an acceptor, and in 

the later, it acts as a donor. The Cu
2+

-ions can also be converted to Cu
+
-ion by 

capturing a free electron during the irradiation of materials by high energetically 

particles. In general, the presence of copper ions (Cu
+
, Cu

2+
) in the Sr2P2O7 lattice 

creates different energy levels within the band gap. They can act as electron and hole 

traps which are responsible with the glow peaks in Cu-doped Sr2P2O7 compounds.  

The rare-earth dopants are known as very effective activators in host 

materials to create excellent TL features in TL materials. Because the attractive 

feature of lanthanides is their highly effective narrow band f-f photoluminescence 

coming from trivalent lanthanide ions independent from its environment: inorganic 

glass, sol-gel materials, polymers and in liquid crystals emit luminescence. 

Luminescences of lanthanide are complex because the transition occurs in f levels 

prevented by the influence of outer forces by filled 5s and 5p shells [24]. 

The TL features of strontium pyrophosphates have been studied by various 

scientific investigation groups among pyrophosphates. Because, the rare earth 

activated inorganic phosphors have broadly used in a many applications, as 

production of lamp, radiation dosimetry, TL dosimetry, imaging by X-ray, and color 

monitors [25]. Especially; the luminescent features of europium-ion activated 

phosphors for its applications in these application areas. The luminescence of Eu
2+

-

ions depend on the lattice because of crystal-field effects and changes from blue to 

red. Eu
2+

 activated strontium pyrophosphate emits luminescence at 420 nm without 

role of UV light, that is why it can be used in treating infants safely and also can be 

used in lamps for the photo-therapy, Eu
2+

 and Mn
2+

 co-doped Sr2P2O7 has been 

recommended to obtain white light emission from UV-LED devices [26]. 

The structural analyses of pyrophosphate compounds detail studied in the 

literature [27-38]. Different ways can be used in order to synthesize metal 

pyrophosphate compounds. Scientists have researched the structure of 
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pyrophosphate compounds by performing the help of different methods [9-14]. 

However, there is no research on the metal and metal-doped pyrophosphate 

compounds. 

TL properties of different materials have been studied for a long time. But, 

there is relatively less amount of research upon TL of pyrophosphates in the 

literature survey. Natarajan et. al. [25] have worked on Eu-ion doped strontium 

pyrophosphate to study its TSL, PL and EPR. Miyoshi and Yoshino [39] have 

prepared calcium pyrophosphate (Ca2P2O7) which exhibited TL with X-ray and γ-ray 

irradiation. Kundua and et al. [40] have synthesized sodium pyrophosphate doped 

with Dy2O3 purpose to develop a TL detector. However, Seyyidoğlu at al.[1, 41] 

were demonstrated that strontium pyrophosphate had promising results for its TL 

property and it gave needed thermoluminescence intensity for radiation dosimetry 

when doped by some rare earth elements. It was found that the TL glow curves of 

pure Sr2P2O7 samples have a high intensive glow peak around 100 °C. Pr, Nd, Ho, 

and Er along Cu-doped samples resulted with very intensive and sharp glow peaks in 

thermoluminescence glow curves near 200 °C, the TL glow curve measurements 

have especially demonstrated that Pr and Cu-doped Sr2P2O7 exhibit very significant 

thermoluminescence glow peaks, suggesting these could be promising dosimetric 

materials. Bearing this in mind, some TL dosimetric properties and TL kinetic 

parameters of Sr2P2O7:Cu,Pr compounds were investigated in detail in this thesis, 

confirming they are promising for this application. 
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CHAPTER 2 

THEORY OF THERMOLUMINESCENCE 

2.1. Basic Concepts of Thermoluminescence  

After exposure to ionizing radiations, free electrons and holes are produced in 

insulating crystal and many of them are trapped in the crystal defects. When the 

crystal is heated, the trapped electrons are removed from traps and pass the 

conduction band (CB) and then they recombine with holes at the recombination 

centers. This recombination yields emission of light for different wavelengths. This 

process is called as thermoluminescence (TL). The curves plotted versus temperature 

and intensity of light is called TL glow curves. The thermoluminescent substances 

absorb some amount of the energy, which is stored for the duration of exposure to 

ionizing radiation and then if the substance is heated, the stored energy is changed to 

the form of visible light as shown in the Figure 2.1. 

 
Figure 2.1: Phenomena of thermal excitation of luminescence. 

A simple set up diagram to measure the TL intensity is demonstrated in 

Figure 2.2 and a typical TL glow curve obtained from Ce-doped MgB4O7 sample is 

shown in Figure 2.3. The TL peaks are shaped by the record of emission light by 

intensity as function of temperature. A TL glow curve is similar a smooth continuum 
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but it is composed of a many overlapping peaks obtained by release of electrons from 

traps of different stabilities when they are heated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Simple diagram of a TL reader system with heater plate, photomultiplier 

detector and readout electronics. 
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Figure 2.3: An analyzed glow curve of Ce-doped MgB4O7 measured after 36 Gy 

irradiation at room temperature at a heating rate of 1°Cs
-1

 [42]. 

Under favorable conditions, the TL light intensity is depend on the amount of 

absorbed dose. Because of this, using an appropriate calibration of TL dosimetry, one 

can evaluate the applied dose in the given radiation field. The emission of light 

intensity at its peak maximum and the area of that peak are proportional with 

absorbed dose. In regular dosimetric applications, one can choose an appropriate 

material with reproducible results in repeated measurements, linear dose dependence 

for the kind of radiation in question as well as dose-rate independence and longtime 

stability [43]. In addition, the certain information about kinetic parameters for the 

trapping process, frequency factor s, trap depth and kinetic order can be found from 

the position and shape of the glow curve. The TL mechanism governing the trapping 

and thermally release of electrons are given in the textbook of McKeever [2]. 

Three essential ingredients are required to the production of TL. Firstly, the 

samples have to be a band gap. Metals do not show luminescent properties because 

they don’t have band gap. Secondly, the materials must have absorbed energy 

throughout exposure to ionizing radiation. Thirdly, the luminescence emission is 

should be start by heating the material [44]. TL material cannot emit light again by 

simply cooling the sample and reheating it another time. It should first be re-exposed 

50 100 150 200 250 300 350 400

0.0

5.0x105

1.0x106

1.5x106

2.0x106

2.5x106

P3

P2

P1

T
L

 I
n
te

n
si

ty
 (

a.
u
.)

Temperature (
o
C)



17 

 

to ionizing radiation before it emits light again. The storage capacity of TL materials 

makes them suitable for dosimetric studies. 

The TL process has been studied for a many years and nowadays there are 

many application of TL. The first application of it is in dosimetric purpose which 

was done by Daniel et al [45]. Then, many investigations have been carried out to 

understand TL phenomena and develop the TL characteristics of newly improved 

TLDs. Nowadays; the TLD is a well-established dosimetric method of the 

applications of personnel, environmental and clinical dosimetry [46]. 

The TL emission properties of materials, its sensitivity and absorbed energy 

can be affected by kinetic parameters. Thereupon, a good dosimetric work have to 

include base on a good information of kinetic parameters of materials. For instance, 

the exact information about lifetime of trapped electrons and fading rate are obtained 

from the trapping parameters of defects and they are obtained by using TL glow 

curves with different methods [2]. If any glow peak is separated from the other glow 

peaks, the trapping parameters can be obtained by classical methods such as heating 

rates (HR), initial rise (IR), and peak shape (PS). However, in most materials, the 

glow curve includes several overlapping peaks. If there are many glow peaks in the 

glow curve, there are two ways to obtain exact parameters: the first one is to isolate 

each individual TL peak from the others using partial thermal annealing treatment 

and the other way is to using of glow curve analysis using by computer 

deconvolution [47].  

The essential propose of this study is to research the dosimetric features and 

kinetic parameters of Sr2P2O7:Cu,Pr. To do this, the TL dosimetric properties of glow 

peaks after beta-irradiation between the dose level D = 0.04Gy and D = 4.6 kGy and 

kinetic parameters of this sample were studied by the  following methods: Tm(Ea)–

Tstop, repeated initial rise (RIR), peak shape (PS), additive dose (AD) and (CGCD) 

[47–50]. The dose response can be examined by peak height and peak area methods.  

2.2. Applications of TL Dosimeters 

The thermoluminescence applications have many benefits in human life. 

Some of applications of TL dosimetries are: 

1. In radiation displaying: a) Personnel displaying, b) Environmental displaying 
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2. In experimental dosimetry: a) Natural background works, b) source calibrations, 

c) high energy physics works  

3. In nuclear medicine: a) Therapy displaying, b) measurement of doses in 

sensitive organs and areas, c) Internal emitter dosimetry, d) phantom dosimetry 

4. In geology: calculating the age of rocks [51]. 

2.3. The General Characteristics of TL Dosimeters 

 A dosimetry system along with its reader is named as a dosimetry system. It 

evaluates either directly or indirectly the quantities of exposure, kerma, absorbed 

dose, equivalent dose, or their time derivatives (rates), or related quantities of 

ionizing radiation. Radiation dosimeters must have some characteristics according to 

their application areas. For instance, exact knowledge of both the absorbed dose to 

water at a specified point and its spatial distribution are of importance in 

radiotherapy. It is also important to the possibility of deriving the dose to an organ of 

interest in the patient.  In this context, the most of TL phosphors are not suitable for 

radiation dosimetry. For a suitable radiation dosimeter purposes, TL phosphor must 

demonstrate the following properties [52]: 

a) Dosimeter should have to relatively simple TL glow curve and its peak 

temperature of main glow peak should be between 180 and 250 
o
C. It should be 

remembered that at higher temperature, the infrared emission from the hot 

sample and sample holder increasingly interferes with the measurement of low 

doses.  

b) Dosimeter should have high sensitivity, which consist of both high efficiency of 

light emission and low threshold dose. The desirable properties of TLD materials 

include a linear response to absorbed dose and an adequate sensitivity. The dose 

response of most TL materials is far from linear, however, monitoring a variety 

of non-linear effects depending upon the dose range and irradiation.  

c) Dosimeter should have high resistance against environmental factors as humidity, 

solvents, low fading at room temperature.   

d) Dosimeter should have low photon energy dependence of response and a linear 

response over high dose ranges for most application. Depending on the special 
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use, high or low thermal neutron sensitivity or a certain LET response may also 

be the wanted properties.  

e) Effective atomic number Zeff od dosimeters should be closes to that of biological 

tissue, in order to deal with a tissue equivalent material.  

f) The phosphor must be economic. It may be easier and cheaper to work with a 

“one way” dosimeter.  

g) It should be nontoxic.   

h) It must have not complex annealing procedure for reuse. 

i) It might  be advantageous if the sample can easily be prepared with reproducible 

features in a normally equipped chemical laboratory [44,53] 

Actually, a few of materials have the above-mentioned properties. The 

nominally pure compounds, such salts and oxides usually show weak TL signals and 

they are not considered as efficient dosimetric materials. But when they are doped 

with proper impurities, which act as activators of host materials, much higher 

efficiencies will be obtained after the doping. 

2.4. Types of Luminescence 

Luminescence is emission of light from a semiconductor or insulator by 

excitation energy. The different types of luminescence phenomena are classified 

according of the simulation method causing light emission. Some of them are: 

a. Thermoluminescence  : emission of light due to heating of temperature 

b. Photoluminescence : produced by stimulation with UV light;       

c. Radioluminescence : excited by ionization of radiation; 

d. Triboluminescence : stimulation due to  stress of mechanic; 

e. Chemiluminescence : produced result of chemical reactions; 

f. Phosphorescence : stimulated by ionizing radiation, visible light and UV. 

The process of light emission from a crystalline solid by thermal stimulation 

after irradiation to ionizing radiation is called as “thermally stimulated 

luminescence” or simply “thermoluminescence”  [2]. The storage of radiation energy 

is an important feature for TL dosimetry. It is usually favored by presence of 
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activators namely impurity atoms and structural defects within the crystal structure of 

material. In general, the crystals may include many type of defects which can be the 

following types; 

1. Intrinsic defects: vacancies (or missing atoms), interstitials, aggregate forms 

of previous defects. 

2. Defects induced by ionizing radiations: F centers, V centers, Vk centers, etc. 

3. Extrinsic (or impurity) defects: substitutional impurities, interstitial 

impurities. 

The property of storing energy is because of the presence of crystal defects 

such as vacancies and impurities. The luminescence phenomena can be seen because 

of all defects can be potentially acted as traps or recombination center for charge 

carriers produced by suitable excitation. The defects can capture the electrons and 

holes produced during the irradiation process. A crystal defect is classified as a trap 

center if the defect is able to capture a charge carrier and reemit it back to the band it 

come from. A crystal defect where carriers of opposite sign can be captured, 

resulting in an electron-hole recombination, is classified as a recombination center. 

Effective thermoluminescent materials include many of traps and recombination 

centers, occurred by defects and impurities inside its structure [56].  

2.5. Electronic Transitions within the Band Gap of Insulators and Semiconductors 

 Theoretically, the TL is directly connected to the band structure of crystals 

and especially to the effects of impurities and defects within them. The energy band 

diagram of crystal can explain its TL properties and it can be defined by quantum 

mechanically [49]. In a perfect crystal, the electrons remain in the valance band (VB). 

The VB is separated from the conduction band (CB) by the energy band gap Eg 

which is called as forbidden band gap. So, Eg is energy difference between CB and 

VB. Figure 2.4 schematically demonstrates the energy band models, the electronic 

energy stages and the forbidden energy gap, and some electronic transitions in these 

levels [56]. 

 There are no energy levels within the band gap for a crystal without lattice 

defects and impurities. The energy levels may be discrete level or may be continuously 

distributed level depend on the exact nature of the defects. Generally, it is known that 

the lattice imperfections, impurities, intrinsic and extrinsic defects can cause to the 
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localized energy levels within the band gap. A free electron in the CB can be attracted 

by a vacant anion site due to its columbic field and become trapped by them. The 

energy required to remove the electron from its trapping place is less than that needed to 

free a valance electron and so that anion vacancy has associated with it an energy level 

which lies somewhere between the VB and CB. The same condition is also satisfied for 

hole which is trapped with cation vacancies. Similar discussions apply to the 

incorporation of impurity ions within the crystal lattice, either in substitutional or 

interstitial positions. Thus, localized energy levels within the band gap can act either as 

traps or as recombination centers (RC). The defect where the electron is released is 

generally called trapping center or electron trap (ET). The defects where the electron 

and hole recombine is generally called recombination center (RC) or luminescent center 

(LC). In principle it is known that recombination centers are located near the middle of 

the band gap and traps are located near the edges of corresponding bands [56]. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 2.4: Common electronic transitions in crystalline solids: (1) ionization; (2) 

electron trapping; (3) electron release; (4) direct recombination; (5) indirect 

recombination. (ET: Electron Trap; RC: Recombination Centers) [49]. 

 During the irradiations of crystals with high energetic radiations such as , , 

and  correspond to the liberation of an electron from the VB into the CB remaining a 

hole in the VB (transition (1)). Thus, the transition (1) suitable to the process of 

ionization. The free electron in the CB and free hole in the VB move in the crystal up to 

trap at the respective lattice defects. The electron may be trapped by a transition to the 
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lowest available energy level at the defect (transition (2)). The hole may be trapped at a 

lattice defect above the valance band. The trapped electrons gain enough energy by the 

heating of crystal, they may be released from the traps (transition (3)) [49]. The 

probability of an electron being thermally released from its trap is related to Arrhenius 

equation (exp(-E/kT)). In this equation, E is called as "trap depth". It is the energy 

difference between the trapping level and CB. T is the temperature at which electrons 

are being excited from their corresponding delocalized band. 

 When an electron is released to the CB, it is once again become free to move 

through the CB and may recombine with a charge carrier of opposite sign, either 

directly (transition (4)), or indirectly (transitions (5)). The luminescence yields if the 

recombination process is accompanied by the emission of light.  

 The trapped electrons by traps can be released thermally into the CB by 

heating the crystal and then make a transition to the RC. This process is termed as the 

TSL. Additionally, external light exposure can release captured electrons from a trap 

center to the CB from where they can recombine into the RC. This process is called 

as optically stimulated luminescence (OSL) [49].  

The experimental TL emission study can suffice a satisfactory tool to get 

detailed information about the trapping (kinetic) parameters. They are: the activation 

energy (E), frequency factor (s), and a kinetic order (b) synthesizing the quality of 

the involved phenomena [2]. 

In general, the ranges of kinetic order is between 1 and 2. The former value is 

corresponded to a situation where an electron provides energy to rise in the CB and, 

consequently, to fall to a RC where it undergoes recombination with hole. The latter 

one stands for a situation where this phenomenon has the same probability of 

retrapping. Intermediate conditions are likely to occur. The mathematical models 

main on these definitions are including of convenient differential equations systems. 

The analytical forms of them are to be checked by means of suitable experimental 

data. It is therefore evident how the involved parameters are to be conveniently 

adjusted until a fair agreement between theory and practice is attained. The most 

promising tool is the observation and the recording of TL emission, under several 

experimental conditions, as a function of temperature. For a constant heating rate, 

these two observations are equivalent. It may be a single or multi-peaks structure and 
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a correspondence can be pointed out between a peak and an electron trap level. The 

analytical form for a single peak, which the overall curve is a superposition of, can 

fully defined by means of some geometrical parameters as the peak position, its left 

and right widths, the ratio between them, the overall width, the height. This last one 

is dependent on the heating rate and increases with the increasing of it.  

2.6. The One Trap–One Recombination (OTOR) Centre Model 

To explain the TL phenomenon, the basic model of band diagram must consist 

of a single type of electron trap (T) and a single type of recombination center (R) in the 

forbidden gap, as shown in Figure 2.5 [49]. It is necessary to indicate that two energy 

level band model is the minimum number required in order to describe the TL-process. 

However, the band model of an actual sample may be much more complex than this 

simple model. Moreover, the basic model is enough to explain the fundamental 

properties of TL production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Simple band model for TL emission. Allowed transitions: (1) thermal 

release, (2) migration in the conduction band, (3) radiative recombination [2]. 

2.7. Trap-Filling Process 

During the irradiation of crystals with ionizing radiation, the differential 

equations establishing the mobility of electrons between the electron trap (T), the RC 

and the CB are [2,49-55]:  
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The meaning of variables used in these equations is that: E=activation energy 

of the electron traps (in eV), s=frequency factor of the electron trap (in s
-1

), nc is the  

number of electrons in the conduction band (per unit volume m
-3

), nv is the number of 

holes in the valance band,  N is the concentration of available electron traps (of depth E 

below the conduction band) in the crystal (in m
-3

), n is the concentration of the filled 

electron traps in the crystal (in m
-3

), nh is the concentration of holes in the 

recombination centers, Nh is the concentration of available hole centers, An is the 

transition coefficient for electrons in the conduction band becoming trapped 

(volume/until time m
3
sec

-1
),  Am is the transition coefficient for holes in the valance 

band to be trapped in the hole centers, Ah is recombination transition coefficient for 

electrons in the conduction band with holes in centers and f is the electron hole 

production rate. 

2.8. Trap-Emptying Process 

If the depth of trap is very greater than kT0 (E >>kT0) where k is Boltzmann's 

constant which is equal to 8.617×10
-5

 eV/K and T0 is the irradiation temperature, the 

trapped electrons in traps will stay for a long time after exposure of the radiation. 

Because of the occurred free electrons and holes after irradiation there have to be 

equal number of trapped holes at RC. The normal condition of the equilibrium for 

Fermi level Ef is located down trapping level (T) but up level of RC. This means the 

populations of holes and trapped electrons show a non-equilibrium state. The 

reaction path for return to equilibrium is explained by the probability (p) per unit 

time of release of an electron from the trap and it is given by, 
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According to this equation, the relaxation rate is slow at low temperature and 

the non-equilibrium state is governed by the combination of kinetic parameters E and 

s. The lifetime (τ) of the electrons in the traps at a temperature T is given by 

1 p  (2.6) 

Now, if n is the number of trapped electrons in electron traps then n decreases 

with time t according to the following equation if the temperature is kept constant: 

np
dt

dn
  

(2.7) 

If the above equation integrates  
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gets 
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E
snn o .expexp.  

(2.9) 

where no is the number of trapped electrons at the initial time t0 = 0. If the following 

assumptions were done: 

1. The temperature is so low, no electrons are released from the traps during the 

irradiation of samples. 

2. The electron’s lifetime in the CB is too short, 

3. The luminescence efficiency of recombination centers is independent of 

temperature, 

4. The number of electron traps and recombination centers are independent of 

temperature. 

The escape probability of electrons from the traps can be speeded up by 

increasing the temperature of the TL material above irradiation temperature T0. As 

mentioned previously, the electrons will now be released from the trap into the CB 

with increasing temperature. Then, they move through the CB of the crystal until 

they undergo recombination at the RC or retrapping by the electron traps. In the 

simple model, when the electron captured by RC, it passes one of the higher excited 

states of RC and then return to the ground state by the emission of light quanta in the 

visible region of electromagnetic spectrum. The TL intensity I(t) of photons per per 

unit time t during heating is proportional to the rate of recombination of holes and 

electrons at the recombination center. Now, let us assume that m (m
-3

) is the 
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concentration of holes that are capture by recombination centers, then the equation 

intensity of TL can be written as 

dt

dm
)t(I       (2.10) 

In here, it was assumed that each recombination produces a visible photon and all of 

the emitted photons recorded by the photomultiplier tube of TLD reader. The rate of 

recombination of holes and electrons will be proportional to the number of free 

electrons nc in the CB and the number of holes m in the RCs, 

hvchc A)nn(nmAn
dt

dm
)t(I     (2.11) 

In here, the constant Ah is the recombination possibility that is said to be in units of 

volume per unit time and it is assumed to be temperature independent. The rate of 

change of the concentration of trapped electrons n in the electron traps is equal to the 

rate of thermal release minus the rate of retrapping, 

ncnc A)nN(n
kT

E
expnsA)nN(nnp

dt

dn









              (2.12) 

where N is the concentration of electron traps and An is the probability of retrapping 

(m
3
/s). Similarly, the rate concentration of free electrons in the CB is equal to the rate 

of thermal release minus the rate of retrapping and the rate of recombination, 

hcnc

c mAnA)nN(n
kT

E
expns

dt
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   (2.13) 

The equations between 2.11 and 2.13 are called as the charge carrier traffic’s 

equations in the OTOR model. These equations are the basis of many analyses of TL 

phenomena. The equation (2.12) express mathematically the fact that electrons in the 

trap can be either thermally excited in the conduction band (  kT/Eexpns  ) or 

they can be retrapped in the trap with a probability coefficient An( )nN(nc  ). The 

equation (2.13) shows the change the number of electrons nc in the CB. The free 

electrons in the CB can be reduced by either trafficking into the trap (-dn/dt), or by 

recombination in the RC with a probability coefficient An(-Ahnc(n+nc)). The equation 

(2.11) defines the rate of change of the number of holes trapped in the RC and the 

right-hand side representing the rate of change of the total number of electrons in the 

crystal. Unfortunately, it is not analytical solutions of these equations. To solve them, 
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some simplifying assumptions must be additionally required. One of the important 

approximation is      

dt

dm

dt

dn
,

dt

dn

dt

dn cc                       (2.14) 

This approximation is called the quasi-equilibrium assumption [3], because of 

it requires that the free electron concentration in the conduction band is quasi-

stationary. Because of charge neutrality during the irradiation of crystal 

mnn c         (2.15) 

Now, if the quasi-equilibrium is applied in above equation (nc ≈ 0 means that n ≈ m)  

dt

dn

dt

dm
)t(I      (2.16) 

Since dnc/dt ≈ 0 one gets from equation (2.11) and (2.12): 

nh

n

mAA)nN(
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       (2.17)  

2.9. First-order kinetics 

Although the equation (2.17) cannot be solved analytically without additional 

simplifying approximation; Randall and Wilkins [58-59] applied another 

approximation and they have assumed negligible retrapping during the heating stage 

(i.e. mAn>>(N-n)Ah). After this approximation, Eqn.(2.17) can be rewritten as 
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This differential equation defines the charge carrying process in the lattice as 

a first-order (b=1) process and the calculated glow peaks from this equation are 

called first-order glow peaks. Its solution yields 
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(2.19) 

In here, n0 is the total number of trapped electrons in traps at time t = 0. When the 

temperature is increased as a linear function of time according to following equation 

tT)t(T o               (2.20) 

where  is the constant heating rate and T0 is the temperature at t=0. If the above 

equation can be written as =dT/dt and then introduces it into equation (2.14) 
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It gives the number of trapped electrons (n) in terms of  as 
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Then, the first-order TL equation is obtained as a function of temperature in the 

following form 
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This is the well-known Randall–Wilkins first-order equation. According to 

this equation, the peak has a characteristic asymmetric shape being wider on the low 

temperature side than on the high temperature side. In the initial rise of low 

temperature side of this glow peak, the intensity of TL is dominated by the first 

exponential (exp(-E/kT)). Thus, when I is plotted as function of 1/T, a straight line is 

expected in the initial rise temperature range, with the slope of -E/k. Then, the 

activation energy E is readily found using the slope of graph. 

The properties of first-order TL equation are represented in Figure 2.6. In 

Figure 2.6(a) it is shown how I(T) varies with n0 from 0.25 m
-3

 up to 2 m
-3

, while 

E=1 eV, s=1.0×10
12

 s
-1

 and =1 K/s are all kept constant. As seen the temperature Tm 

at the peak maximum remains constant with n0. This is properties of all first-order 

TL glow peaks. The condition for the maximum can be found by setting dI/dt=0 (or, 

somewhat easier from dlnI(T)/dt=0).  
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In this equation, n0 does not appear. Because, Tm does not depend on n0. Figure 

2.6(a) further represented that not only the peak height Im at the peak maximum but 

each point on the curve is proportional to n0. In the dosimetric applications, n0 is the 

very important parameter. Because, this parameter is proportional to the absorbed 

dose. To obtain n0 then absorbed dose, the area under the glow peak is enough which  

is equal to n0  
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and n is zero while t. Figure 2.6(b) shows variation of activation energy E from 

0.8 to 1.2 eV. As seen, when E increases the peak temperature shifts to higher sides 

with a decrease in the peak height and an increase in the width covering the area (i.e. 

n0) constant.  

Figure 2.6(c) shows the similar changes of frequency factor s with increasing 

from 10
11

 to 10
14

 s
-1.

 But now in the opposite way: as s increases the peak 

temperatures shifts to lower temperature sides with an increase of the peak height 

and a decrease in peak-width. Figure 2.6(d) shows the effects of the heating rates on 

the first-order glow peaks. As seen, when  increases the peak shifts to higher 

temperatures while the height decreases.  

 

Figure 2.6: Properties of the Randall–Wilkins first-order TL equation, showing: (a) 

variation with n0, the concentration of trapped charge carriers after 

irradiation; (b) the variation with E, the activation energy; (c) the variation 

with s, the escape frequency; (d) the variation with , the heating rate. 

Parameter values: n0=1 m
-3

; E=1 eV; s=1×10
12

 s
-1

, =1 K/s of which one 

parameter is varied while the others are kept constant [58]. 

 

As mentioned previously, the two parameters the activation energy E and the 

frequency factor s are the basic physical parameters. The other two parameters can 

be obtained by the experimenter by choosing a certain dose (n0) and by read-out of 

the signal at a certain heating rate .  
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The analytical solution of equation (2.23) is not possible due to the integral 

on the right hand side of this equation. But, using series expansion,  it can be 

calculated as partial integral by each part to be equal to [61] 
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If the first two terms were only chosen, the integral can be converted as following 
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In practical applications it is convenient to indicate the glow peak as 

parameters which are easy to derive experimentally, namely the intensity of peak at 

the maximum Im and the temperature at the maximum Tm. Therefore, by the solution 

of this integral and for condition of the maximum temperature the following TL 

intensity equation (2.24), Kitis et al. [62] have shown that Eqn.(2.23) can be quite 

accurately approximated by 
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with=2kT/E and m=2kTm/E.  On the other hand, by keeping a lot of terms in the 

above approximation, Bos et.al. [63] were approximated the first-order TL glow 

curve expression in the following form, 
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2.10. Second-order kinetics 

Garlick and Gibson [64] considered the possibility of retrapping of elelctrons 

in the CB by electron traps, (i.e. mAn<<(N-n)Ah). In addition, if the electron is far 

from saturation, i.e. N>>n and n=m, the equation (2.17) becomes 
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As seen, dn/dt is proportional to n
2
 in this equation. This means that it is a 

second-order reaction. With the additional assumption of equal probabilities of 

recombination and retrapping, An=Ah, the above equation becomes 
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This is well-known second-order TL equation of the Garlick–Gibson. The 

main property of its graph is that it is nearly symmetric, with the higher temperature 

from the half of the curve slightly wider than the lower temperature half. It can be 

understood from the consideration of the fact that in a second-order reaction 

significant concentrations of released electrons are retrapped before they recombine. 

In this way, it is giving rise to a delay in the luminescence emission and spreading 

out of the getting off over a wider temperature range.  

In the second-order kinetic, the initial concentration n0 seems not constant as 

in the first-order case with the variation of dose levels. Its graph is represented in 

Figure 2.7(a). As seen that Tm decreases as n0 increases. The temperature shift can be 

approached  by [21] 

fln
E

k
TTTT 2121              (2.32) 

where T1 is the peak temperature at peak intensity at a certain dose level and T2 the 

peak temperature at peak intensity after f times higher dose. When using the 

parameters in Figure 2.7(a), it was calculated as the shift in the peak temperatures is 

25 K. When E=1 eV, T1=400 K and the absorbed dose is increased by a factor 1000, 

which is easy to realize experimentally, a temperature shift of 77 K can be expected. 

From equation (2.32) it follows further that for a given increase of the dose the 

shallower the trap, i.e., the smaller E, the larger the peak shift. Figure 2.7(b) 

illustrates the change in size and position of a second-order peak as function of E, in 

Figure 2.7(c) s function of s/N, and in Figure 2.7(d) as function of the heating rate. 

The area under the curve is, as in the situation of first-order kinetics, proportional to 

the initial concentration n0 but the peak height is no longer directly proportional to 

the peak area, although the deviation is small. 
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Figure 2.7: Properties of the Garlick–Gibson second-order TL equation, showing: (a) 

variation with n0, the concentration of trapped charge carriers after 

irradiation; (b) the variation with E, the activation energy; (c) the variation 

with s/N; (d) the variation with , the heating rate. Parameter values: n0=1 

m
-3

; E=1 eV; s/N=1×10
12

 s
-1

 m
3
, =1 K/s of which one parameter is varied 

while the others are kept constant [64]. 

Also the glow peak shape for second-order kinetics, the equation (2.31) can 

be approximated and written as with a function of maximum peak intensity Im and Tm 

[18] 
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with  and m the same meaning as in Equation(2.28). 

2.11. General-order kinetics 

The first- and second-order forms of the TL equation derived after the 

specific approximations. However, if these assumptions do not hold, the TL peaks 

will fit neither first- nor the second-order kinetics. Therefore, May and Partridge [66] 

considered this situation and used another empirical equation to obtain general-order 

TL equation, 
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where s
'
 is called as pre-exponential factor and its dimension is m

3(b-1)
/s and b is 

defined as the general-order parameter and varies between 1 and 2, not necessarily 

just equal to 1 or 2. Integration of above equation (2.34) for b1 results 
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where now s''=s
'
n0

b-1
 with unit s

-1
. Equation (2.35) goes to the second-order equation 

when b=2 and decreases to equation (2.23) when b1. It have to be noted that 

according to Equation (2.34) the dimension of s
'
 have to be m

3(b-1)
 s

-1
 that is meaning 

that the dimension changes with the order b which makes it difficult to interpret 

physically. However, the general-order case is still useful since intermediate cases 

can be dealt with and it smoothly goes to first- and second-orders when b1 and 

b2, respectively (see Figure 2.8). 

 

 
 Figure 2.8: Comparison of first-order (b=1), second-order (b=2) and intermediate-

order (b=1.3 and 1.6) TL peaks, with E=1 eV, s=1×10
12

 s
-1

, n0=N=1 m
-3

 

and =1 K/s [49]. 

In this model, the glow curve can also be approximated by using the following 

equation, 
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2.12. Trapping Parameters Determination Methods 

The determination of trapping parameters from thermoluminescence glow 

curves has been a subject of interest for half a century. There are many different 

methods to find the trapping parameters by using the glow curves [2, 49,57 68-71]. 

Some of them are initial rise (IR), variable heating rate (VHR), two heating rate, 

isothermal decay (ID), peak shape (PS), partial thermal cleaning (PTC) and peak area 

(PA) methods.  

If any glow peak is highly isolated from the others, the experimental methods 

such as initial rise, variable heating rates, isothermally decay, and peak shape 

methods are suitable methods to demonstrate these parameters. However, the glow 

curve includes of several glow peaks in most TL samples. In situation of overlapping 

glow peaks there are essentially two ways to get these parameters, the first one is the 

partial thermal cleaning method and the second one is the computer glow curve 

deconvolution method. In many situations, the partial thermal cleaning method 

cannot be applied to completely isolate the peak of interest without any perturbation 

on it. Therefore, the computer glow curve deconvolution (CGCD) program has 

become very popular method to evaluate trapping parameters from TL glow curves 

[54,63]. 

2.12.1. CGCD Method 

It can be remembered from previous parts, the computer glow curve 

deconvolution (CGCD) is one of the most important methods to show trapping 

parameters from TL glow curves. By the using it,  many overlapping glow peaks can 

be separated without heating and addition dose. 

The CGCD is the method which is famous and one of the  powerful methods 

in the study of TL [2]. This method is especially used in the dosimetric studies of TL 

samples. The application of the CGCD method for the decomposition of a composite 

TL glow curve into its individual glow peaks is widely used since 1970 [73-73,76]. 

On the other hand, the obtained results from this method are highly dependent upon 

the input parameters that used in the deconvolution program. For example, it is very 

important to correctly decide how many glow peaks there are in the glow curve 

structure during the analyses of the complex glow curves by CGCD program and 

which of them have first- or general-order kinetics. In some cases, the best-fits can 

be obtained when different number of peaks is used in the curve fitting program 
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instead of real number of glow peaks to be in the glow curve. Therefore, it should be 

necessary to decide the correct number of glow peaks and their kinetic orders in the 

glow curve of studied samples in this thesis. 

 In this research, the analyze of the glow curves  was done by using the CGCD 

program. The program was developed at the Reactor Institute at Delft, The 

Netherlands [63]. This program is capable of simultaneously deconvolution as many 

as nine glow peaks from glow curve. Two different equations were used in the 

computer program. In the first equation, the glow curves are approximated from first-

order TL kinetic, 
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In the second equation, the glow curves are approximated with general-order 

TL kinetics, 
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 The summation of overall peaks and background contribution can lead to 

composite glow curve formula as shown below 
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where I(T) is the fitted total glow curve, a allows for the electronic noise contribution 

to the planchet and dosimeters infrared contribution to the background. 

Starting from the above equation (2.37), the least square minimization 

procedure and figure of merit (FOM) [74-75] was used to judge the fitting results as 

to whether they are good or not. i.e. 
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where Ni(T) is the i-th experimental points (total n=200 data points), I(T) is the i-th 

fitted points, and A is the integrated area of the fitted glow curve. 

 From many experiences [74-75], it can be said that if the values of the FOM 

are between 0.0% and 2.5%, the fit is good; if the values of the FOM are between 2.5 

% and 3.5%, the fit is fair; and if the FOM values are greater than 3.5%, the fit is 

bad. To have a graphic representation of the agreement between the experimental and 

fitted glow curves, the computer program also plots the function, 
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which is a normal variable with an expected value 0 and  =1 where 2
(T)=Ii(T). 

2.12.2. Initial Rise Method 

  According to this method, the initial rise part of a TL curve is exponentially 

dependent on temperature according to 

)/exp()( kTECTI                                            (2.40) 

where the C is a constant and the other parameters have usual meaning. This 

expression can be understood by examination of any equations (2.18), (2.30) or 

(2.34) or in which it can be seen that if the temperature to which the sample is heated 

is low enough for n to be approximately constant (i.e., for very little detrapping to 

have taken place). In this case, the equations become independent of kinetics and the 

equation 2.40 naturally emerges from them. Clearly then, if a plot ln(I) versus 1/T  is 

made over this initial region, then a straight line of slope –E/k is obtained, from 

which the activation energy E is easily found. That is why it is probably to evaluate E 

not including any data of the frequency factor s by uses of equation  

  )/1(/))(ln( TdIkdE                         (2.41) 

 In this method, n should be stayed approximately constant. An increase in 

temperature beyond a critical value (Tc), this approximation becomes invalid. 

Therefore, the IR method can only be used when the glow peak is well defined and 

clearly separated from the other peaks. To get rid of from this problem, several 

methods of glow peak separation have been devised. The most popular of them is the 

“thermal cleaning” method. In this way, the specimen is first heated to a temperature 

just beyond the maximum of the first peak in the glow curve, thus largely emptying 

the traps supplied to this peak. Then, the specimen is quickly cooled to room 

temperature (RT) and then it is reheated up to end of the temperature to record 

remaining part of glow curve. Then the sample is again irradiated at the same level in 

previous irradiation and it is heated to a temperature just beyond the first reading, 

and it is again cooled to RT and so on from beginning to end the whole glow curve. 

As a result, the critical temperature is increased step by step after each repeated 

experiment and a series of glow curves were recorded after each experiment. 

However, there is always the danger that the preceding peak will not have been 

completely removed if the glow peaks are highly overlapped. Due to highly 
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overlapping glow peaks, the preceding peak cannot be probably cleaned. In this case, 

the cleaning cycles to produce a method of analysis which enables the trap energy 

distribution and at the same time to determine number of glow peaks, the critical 

temperature is raised by only a little change (a few degrees), so there will be very 

little change in n during the cooling as well, then there will be little difference in 

intensity between the heating and cooling cycles. The whole thermoluminescent may 

be excited by repeatedly heating and cooling the sample in small cycles, but many 

times, and, from the slope of the heating and cooling curves, the average depth of the 

traps being emptied during each temperature cycle may be determined. Clearly, the 

smaller the temperature raise on each heating, the closer the two slopes will be and 

so more precise will be the calculated value of E.   Once the value of E was 

determined, the frequency factor (s) was obtained from the equation 
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where Tm is the temperature at the maximum intensity.  

2.12.3 Heating Rate Method 

To determine the activation energy, another important method is the various 

heating rate method. Changing the heating rate while keeping the heating function 

linear, the shape of the TL peak alters and, in particular, the maximum peak 

temperature Tm increases with increasing heating rate. For example, if a sample is 

heated at two different linear heating rates 1 and 2, the peak temperatures will be 

different. Therefore, the equation (2.42) can be written for each heating rate and 

dividing the equation for 1 (and Tm1) by the equation for 2 (and Tm2) and 

rearranging, one gets an explicit equation for the calculation of E 
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 The major advantage of the heating rate method is that it only needs data to 

be used at a peak maximum (Tm, Im). Thus, if a large peak surrounded by smaller 

peaks, its peak temperature can be reasonably obtained from the glow curve and then 

the activation energy of this peak is easily obtained by this technique. In addition, the 

calculation of E is not effected by problems because of thermal quenching, as with 

the initial rise method. However, to determine the activation energies of the smaller 



38 

 

peaks by this method, it becomes a difficult technique to use. To do this, the thermal 

cleaning method might separate the satellite peaks from the others to determine its 

peak temperature Tm but Im has not been affected by the cleaning process, and then its 

activation energy will be determined. Similar discussions apply when two (or more) 

peaks so closely overlapping that they appear as one composite peak [67].           

When various heating rates for the first-order kinetics are used, the following 

equation is obtained: 
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         A plot of ln (Tm
2
/ ) versus (1/ Tm) should yield a straight line with a slope E/k, 

then E is found. Additionally, extrapolating to 1/Tm =0, a value for ln(sk/E) is 

obtained from which s can be calculated by inserting the value of E/k calculated from 

the slope. The various heating rate method is applicable for general-order kinetics. 

For the general order case, one can plot ln  b

m

b

m TI )/(
21



 versus 1/Tm, whose slope 

is equal to E/k. 

2.12.4. Peak Shape Methods 

 In this method, it is based on the shape of the peak utilize just two or three 

points from the glow-curve. Usually, these are the maximum of the peak Tm and 

either, or both, the low-and high-temperature half heights at T1 and T2 . The 

evaluation of E from the shape of the peak utilizing parameters such as Tm, full- 

width at half-maximum (FWHM)=T2-T1, half-width on the high temperature side 

of the maximum =T2-Tm, half-width on the low-temperature side of the maximum 

 =Tm-T1, and g=/ called the shape parameter. Figure 2.9 shows properties of a 

single glow-peak, in which the peak shape method is based. 
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Figure 2.9: The characteristics points on a TL glow-peak, which define the 

peak-shape parameters [77]. 

 The order of kinetics b can be estimated by means of shape parameters. Chen 

[73] found that g is not sensitive to changes in E and s, but it changes with the order 

of kinetics b. It has been shown that the ranges of g change from 0.42 for b=1 to 

0.52 for b=2 in case of linear heating (Figure 2.10). 

 
Figure 2.10: Geometrical factor (g) as a function of the given order. [49] 

The first peak-shape method was improved by Grossweiner [69]; later Chen 

[68] rearranged and changed Halperin and Braner’s equations [70] for calculating E 

values; 
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After calculation of the activation energy and the order of kinetics, using the 

following equations the frequency factor s, it must be noted that this parameter called 

as pre-exponential factor in the general order kinetic, can be estimated for first and 

general order kinetics respectively. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 The materials, equipments and experimental procedures utilized in this work are 

described in below.  

3.1. Synthesis of Samples 

All samples were growth by spontaneous crystallization in oxygen 

atmosphere. To dope Sr2P2O7 by CuO and rare earth oxides using a solid state 

heating method, the desired quantities of initial reactants were weighed separately 

and crushed well in agate mortar [1]. The doping was done by mixing previously 

produced pure Sr2P2O7 with 5% CuO and 0.5%, 1%, 2%, 3%, 4%, 5%, 10% and 15% 

(by weight) Pr6O11. Then they were transferred into alumina ceramic crucibles and 

heated at 900 
0
C for 10h in a muffle furnace. The solid state reactions have been 

carried out in air with the aid of muffle furnaces. 
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The structural analysis of polycrystalline samples and the effect of doping on 

the structure of pure strontium pyrophosphates were checked by X-ray powder 

diffraction (XRD). The powder XRD patterns were recorded from 5
0
<2θ<70

0
, using 

monochromatic CuKα (30 kV,15mA, λ=1.54051 A) radiation at room temperature 

on a Rigaku X-ray diffractometer. The measurements were performed with 0.05
0 

step 

and at 1 
0
/min rate. The divergence slit was variable and scattering and receiving slits 

were 4.2
0
 and 0.3 mm, respectively. The precise peak positions were determined by 

means of the fitting program CELREF [76], yielding the least squares refinement of 

the lattice parameters. Sr2P2O7 was synthesized at the same experimental conditions 

and indexed with respect to JCPDS Card No: 24-1011. The XRD pattern of pure 

Sr2P2O7 is given in Figure 3.1 and it was confirmed that the compound formed was 

Sr2P2O7 in an orthorhombic structure. 

 
Figure 3.1: X-ray powder diffraction pattern of orthorhombic Sr2P2O7 [1]. 

The X-ray powder diffraction patterns of Pr6O11 doped with different amounts 

(0.5%, 1%, 2%, 3%, 4%, 5%, 10% and 15%) were also taken. X-ray diffraction 

analysis demonstrated that the doped patterns were similar to those of orthorhombic 

Sr2P2O7. It can be seen from Figure 3.2(a) that the 15% and 10% Pr6O11 doping had 

small effects on the XRD patterns by lowering the intensities of two most intense 

peaks while the remaining peak positions being unchanged. Figure 3.2(a) and (b) 

also shows that the 5–0.5% Pr6O11 doped powder patterns were very similar to those 

of orthorhombic Sr2P2O7. It can be summarized that X-ray powder diffraction pattern 
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for the doped products is in fair agreement with the pattern, indicating the phase  

purity of the as-synthesized samples of the title compound Sr2P2O7. 

 
(a) 

 
(b) 

Figure 3.2: The powder X-ray diffraction patterns of 5% CuO and (a) 3%, 2%, 1%, 

and 0.5% Pr6O11 doped Sr2P2O7 and (b)15%,10%,5% and 4% Pr6O11 doped  

Sr2P2O7 [1]. 

 

5 15 25 35 45 55 65

2 THETA DEGREE

R
E

L
A

T
I
V

E
 I

N
T

E
N

S
I
T

Y

Sr2P2O7

Sr2P2O7:%5CuO:%3Pr6O11

Sr2P2O7:%5CuO:%2Pr6O11

Sr2P2O7:%5CuO:%1Pr6O11

Sr2P2O7:%5CuO:%0.5Pr6O11

5 15 25 35 45 55 65

2 THETA DEGREE

R
E

L
A

T
I
V

E
 I

N
T

E
N

S
I
T

Y

Sr2P2O7

Sr2P2O7:%5CuO:%4Pr6O11

Sr2P2O7:%5CuO:%5Pr6O11

Sr2P2O7:%5CuO:%10Pr6O11

Sr2P2O7:%5CuO:%15Pr6O11



43 

 

 

 

 

3.2. Equipments 

3.2.1. Annealing Ovens and General Heat Treatment 

Before the subsequent irradiation, the samples were first annealed to erase 

any residual information and then quickly cooled in air to RT. The annealing 

procedures were done at different temperatures with a microprocessor controlled Nuve 

FN 501 type electrical oven for different intervals ranging between 1 min to 24 hours. 

In this study, the samples were generally annealed at 400±1 
o
C for 1 hour through the 

experiments. The temperature is measured with a Chromel-Alumel thermocouple 

placed in close proximity to the samples. Temperature of the electrical oven was 

continuously monitored during the annealing period. The temperature sensitivity of the 

oven was estimated to ±1 
o
C. 

3.2.2. Radiation Source and Irradiation Procedure 

Irradiation applied on the sample about 25 
0
C (room temperature) with beta 

radiation from a calibrated 
90

Sr-
90

Y radiation device (Figure 3.3). The activity of - 

radiation device irradiates about 100 mCi. It is calibrated by manufacturer on March, 

10, 1994. The recommended working lifetime is about 15 years. Stronium–90 emits 

high energy beta particles from their daughter products (
90

Sr -0.546 MeV together 

with 
90

Y -2.27 MeV). The irradiation equipment is an additional part of the 9010 

Optical Dating System which is purchased from Little More Scientific Engineering, UK 

(Figure 3.3).The irradiation source equipment interfaced to a PC computer using a serial 

RS-232 port. The samples were irradiated for 15 minutes at room temperature with a 

90
Sr–

90
Y beta (β) source delivering about 0.9 Gy/min. The samples were irradiated to 

various dose levels between 0.1 Gy and 110 Gy during the variable dose method. 

20 mg of powder were used for each measurement. The time duration between 

irradiation and TL reading was always kept constant at about 1 min to eliminate the 

possible fading in the low temperature peak between RT and 30 
o
C. All experiments 

were performed inside a dark room in order to prevent any influence of the 

environment light on the glow curves. 

3.2.3. TL Analyzer and TL Measurements 
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Thermoluminescence glow curves of Sr2P2O7:Cu,Pr compounds were 

obtained by using a Harshaw QS 3500 Manual type TL reader which has an S-11 

response photomultiplier tube (Figure 3.3). The reader is interfaced to a PC where 

the TL signals were studied and analyzed. Glow curves were measured using a 

platinum planchet at a linear heating rate of 1 
o
Cs

-1
 from room temperature (RT) up 

to 400 
o
C. For the variable heating rate method heating rates were varied from 1 to 

10
o
C/s. Each measurement two times repeated, the second time is expected to be 

background of the first one so that the analyses have done at end of the all 

applications. 

A standard clean glass filter was always installed in the reader between 

sample and photomultiplier tube. This filter allows the light whose wavelength is 

between ≈ 250 and ≈ 1000 nm to pass through it and thereby eliminates unwanted 

infrared light emitted from the heater. All functions are divided between the reader and 

the specialized TLD Shell software that runs on the PC. All data storage, instrument 

control, and operator inputs are performed on the PC. Signal acquisition and 

conditioning are performed in the reader. In this way, each glow curve can be analyzed 

using a best-fit computer program based on a Marquardt algorithm minimisation 

procedure, associated to first-order and general-order kinetic expressions. The program 

resolves the individual peaks present in the curve, giving the best values for the 

different peak parameters. The instrument includes a sample change drawer for 

inserting and removing the TLD elements. The reader uses contact  heating  with  a  

closed loop feedback system that produces adjustable linearly ramped temperatures 

from 1 to 50 
o
C per second accurate to within ±1 

o
C to 400 

o
C in the standard reader. 

 
                   (a)                                                  (b)      (c) 

Figure 3.3 Experimental equipments (a)
 90

Sr-
90

Y-source (b) 9010 Optical Dating 

System(c) Harshaw TLD System 3500. 

3.3 Experimental Procedure 

The following procedures were employed in this study: 
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1. In the investigation of trapping parameters, the samples were irradiated to various 

dose levels by a 
90

Sr-
90

Y beta source. 

2. In order to isolate glow peaks from each other, the thermal cleaning method was 

performed. The criterion was used to eliminate low temperature glow peaks with a 

minimum loss of intensity in the selected peak. 

3. In the storage time experiments, the fading measurements were carried out with a 

group of individually calibrated samples in the following manner. After 

irradiation of all samples, the first of them was readout promptly, the second one 

was readout after 1 day and this procedure was continued with 1 day interval until 

reading the last sample in the group. The measurements were carried out up to 30 

days. During the experimental procedure, all materials were stored in the dark 

about RT.  All the dosimeters are of the same batch and the experimental 

condition was kept as similar as possible. 

4. In a parallel experiment to study the influence of the heating rate, linear heating 

rates were chosen from 1 
o
C/s to 20 

o
C/s. The heating rates less than 1 

o
C/s was 

not applied, because it is not possible to obtain from our TL reader. On the other 

hand, at high heating rates there may be a considerable temperature lag between 

sample and planchet causing a difference between the measured and crystal 

temperature. Therefore, the upper limit of the heating rate was restricted by 20 

o
C/s.  
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CHAPTER 4 

 

EXPERIMENTAL RESULTS and DISCUSSIONS 

 

4.1. Effect of Doping Concentration of Cu and Pr on the Glow Peaks of Sr2P2O7 

As mentioned previously, the activators such as Cu and various rare earth 

elements doped in Sr2P2O7 were previously studied by Yazıcı et al. They were 

observed that Pr along Cu-doped samples showed much more TL intensity than the 

others [1]. Therefore, the TL features of Pr and Cu-doped Sr2P2O7 were studied in 

detail in this thesis. After different amounts of Pr and 5% Cu-doping to Sr2P2O7 

powder samples, the glow curve obtained which one is one of the glow curve elected 

in many of the glow curves of the sample. After the production of the samples, they 

annealed in an annealing oven and then irradiated with beta particles at RT to obtain 

the glow curves after irradiation (Figure 4.1).  
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Figure 4.1: The thermoluminescence glow curves of %5 Cu and various Pr-doped 

Sr2P2O7 samples [1]. 

It was seen that the shape of TL glow curve structures of Sr2P2O7 samples 

remains remarkably constant after different amounts of doping with Pr and Cu. 

Therefore, it could be concluded that the shapes of glow curves of this sample show 

a concentration independent character. But, the intensities of glow peaks were only 

changed with the amount of doping concentration of Pr. As seen, the intensity of 

dosimetric glow peak at 180 
o
C is firstly increased with the level of Pr-concentration 

up to 5% and then it decreases with the addition of Pr. But, the intensity of glow peak 

1 at 90 
o
C was continuously decreasing with increase in the level of Pr-concentration. 

4.2. Annealing Procedure of Sr2P2O7:Cu,Pr 

 To develop the performance of TL material before the irradiation, an 

annealing procedure was usually utilized before the investigation of TL properties of 

Cu and Pr-doped Sr2P2O7. Because; it was known that the heat-treatment is usually 

reestablished the defect equilibrium that exists in the material before the irradiation 

and the heating can also empty the deep traps to avoid its influence on the TL 

sensitivity of a given peak since they can act as competitors [1]. Because of this, one 

of the first problems researched in the given study is the annealing procedure to be 

used in order to eliminate the effects of the previous irradiations. For evaluating the 
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reproducibility of the dose measurements attainable using Sr2P2O7:Cu,Pr, the TL 

stability after repeating processes of the both oven and readout annealing procedures 

was tested at different dose levels (1.2 Gy and 12 Gy) and the comparison of TL 

sensitivity of TL dosimeters after oven and readout anneal was performed. The 

experiment was carried out at 300 
o
C for 15 min and 400 

o
C for 15 and 30 min and 

then the sample was rapidly cooled to room temperature after each heat treatment. 

The intensity is obtained by the integral of the peak areas of the low 

temperature glow peak at 80
o
C and dosimetric glow peak at 180 

o
C by the GCD 

program. In the readout annealing procedures without additional annealing in an 

oven, firstly, some samples after their background reading were irradiated to a test 

dose ≈1.2 Gy (or 12 Gy). The specimen is heated by constant heating rate of 1 
0
C/s 

and then glow curves of the process was recorded. Then the process is repeated after 

the irradiation of the sample and reading out. As observed, that the shape of the glow 

curves are similar for all cases after the irradiation both at ≈1.2 Gy and 12 Gy. 

However, as seen from Figure 4.2, the intensities of glow peaks were highly 

increased after repeated cycles. Particularly, when the dose levels increased, the 

intensities of both peak increase ≈40-60% after 4-5 repeated cycles of irradiation-

readout annealing and then they are seen as approximately stable between 40 and 60 

level up to ten repeated cycles. Therefore, it was decided that an oven annealing is 

necessary to get a stable TL response and the lowest background. Therefore, the oven 

annealing procedures were firstly carried out at 300 
o
C for 15 min and then the 

sample was rapidly cooled to room temperature after each heat treatment. The 

obtained results represent that when the samples annealed in an oven at 300 
o
C for 15 

min after irradiation with high doses, the intensity of peak 1 has a good stability 

within the less than 5% based on standard deviation over more than 10 repeated 

cycles. On the other hand, it was found that this annealing procedure is insufficient to 

completely empty the deep traps of dosimetric peak in Sr2P2O7:Cu,Pr and restore the 

original TL sensitivity of this peak and thereupon the TL dosimeters. Therefore, 

another annealing procedure at 400 
o
C for 15 min was again adopted on the samples. 

But, it was observed that the similar results of annealing at 300 
o
C for 15 min were 

obtained in this case, too. Therefore, it was decided that these annealing procedures 

are not enough to restore the original sensitivity of TL dosimeters. On the other hand, 

the obtained results confirmed that an annealing at 400 
o
C for 30 min was only 

sufficient  to erase the increase in the signal of dosimetric peak totally and return the 
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original TL sensitivity of Cu and Pr doped Sr2P2O7 (Figure5.2). The results showed 

that the readout and oven annealing procedures at 400 
o
C for 30 min show a very 

good stability within less than 5% based on standard deviation over more than 10 

repeated cycles. On the other hand, it should be mentioned that when the samples are 

annealed at higher temperature above 400 
o
C (i.e.450or 500 

o
C) before irradiation, 

the intensity of both the glow peaks of this sample is continuously decreased  with 

increase in experimental cycles. Because of this, the annealing procedures above 400 

o
C are not convenient in this sample. As a result, it can be mentioned that during 

routine applications of TL detectors for dose levels less than ≈12 Gy, a readout 

annealing up to 400 
o
C appeared to be a convenient annealing procedure (Figure 4.2). 

Consequently, if the previous history of the material is unknown, it is advantageous 

to anneal the sample at 400 
o
C for 30 min before putting it to any dosimetric use. 

 
Figure 4.2: Reproducibility of deconvoluted areas of glow peaks:(a) peak1and (b) 

peak 2 of Sr2P2O7:Cu,Pr through ten repeated cycles of irradiation-readout annealing. 

4.3. The glow curve analysis of Sr2P2O7:Cu,Pr 

 Previously published studies have indicated that the determination of  Ea and 

s mainly depends on the prior knowledge of kinetic order (b) and the exact number of 

glow peaks in the glow curve [11, 41-44]. The investigations were based on the 

principles of different properties response patterns of glow peaks for duration of 

irradiation. For many conditions, the glow peaks raise linearly at low-level exposure. 

No major distinguish in the shapes of overlapped peaks can be seen at this level. 

While the exposure level increases, the improve of TL peaks would activate in unlike 

patterns. When a few of them are linear while others are supralinear or sublinear. 
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That is why, the many-overlapped glow peaks happen to be noticeable through a 

series of high-level irradiations.  

In TL theory [2, 20,21,24], the peak temperatures of glow peaks are expected 

to change only with heating rate for b =1. That is why, for a constant heating rate (β), 

the peak temperature should not be affected by other experimental parameters and 

must be fairly constant within the limit of experimental uncertainties. However, for 

b≠1 and below the trap saturation points {no (concentration of trapped electrons) <Nt 

(concentration of traps)}, it is usually received that the peak temperatures are shifted 

to the lower-temperature side with increasing dose levels. Hence, to form an opinion 

about the number of glow peaks and b of all individual glow peaks in the glow curve 

structure of Sr2P2O7:Cu,Pr, the additive dose (AD) method was first utilized in the 

current study. To do this, the samples were irradiated at different doses to check the 

dose dependence effect on the peak temperature (Tm) position of the glow peaks. 

This is a simple test for the first-order kinetics. Some of the selected glow curves 

after different dose levels are shown in Figure 4.3. The experimental observations 

have clearly shown that there were no significant changes in the peak temperatures of 

glow peaks of Sr2P2O7:Cu,Pr with increasing dose level (Figure 4.3). The positions 

of peak temperatures of glow peaks of Sr2P2O7:Cu,Pr are within the experimental 

error ±4 
o
C for all the doses (Figure 4.4) 

The recorded glow curves after the AD experiment were also used to test the 

possible number of glow peaks in the glow curve of Sr2P2O7:Cu,Pr and their kinetic 

parameters by the peak shape (PS) method. This method is based on the shape and 

full width at half maximum (FWHM=T2−T1) of a single glow peak and the values of 

Ea were determined by the modified PS method of Chen [49]. According to this 

method, the b of a single peak is easily obtained by means of the geometric factor 

{μg=(T2−Tm)/(T2−T1)} and μg changes with the order of kinetics b from ≈0.42 to 

≈0.52, where these two limits correspond to first- and second-order kinetics, 

respectively. 

The shift in the low half-maximum temperature T1, high half-maximum 

temperature T2 together with peak temperature Tm, and the change in μg with exposed 

dose levels of dosimetric glow peak are also seen in Figure 4.5, Figure 4.6 and 

Figure 4.7. The experimental observations have clearly demonstrated that there were 

no large changes in the shapes of glow peaks of Sr2P2O7:Cu,Pr with increasing dose 

level (Figure 4.4 and Figure 4.5). i.e. the peak temperature (Tm) of the dosimetric 
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peak of Sr2P2O7:Cu,Pr does not shift to lower temperatures sides as the dose 

increases and it becomes approximately constant around 170±2 
0
C. Similarly, the 

peak temperature of peak 1 does not shift to lower or higher temperature sides and it 

becomes approximately constant around 95±1 
o
C). This result indicates that both 

glow peaks of Sr2P2O7:Cu,Pr should have first-order kinetics. When the dosimetric 

peak was considered to be a single peak, it was observed that μg is greater than 0.42 

and less than 0.52 for all exposed dose levels. In general, its value changes between 

0.48 and 0.49. This means that the kinetic order of this peak is greater than first-order 

but less than second-order. Thus, it has a general-order kinetic and its value is on the 

order of b=1.5±0.1. 
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Figure 4.3: The glow curve of Sr2P2O7:Cu,Pr measured after various radiation dose 

levels (β=1 
o
Cs

-1
). 
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Figure 4.4:The peak temperatures Tm of glow peaks of Sr2P2O7:Cu,Pr as a function of 

exposed dose level. 

 

 

 

 
 

Figure 4.5:The peak temperature Tm, low half-maximum temperature T1 and high 

half-maximum temperature T2 of dosimetric glow peak of Sr2P2O7:Cu,Pr as a 

function of exposed dose level. 
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Figure 4.6:The geometric factor μg of dosimetric glow peak of Sr2P2O7:Cu,Pr as a 

function of exposed dose level. 

The plots of calculated activation energies by the peak shape method are 

shown in Figure 4.7. Note that the dosimetric peak is assumed to have one 

component during the calculation of Ea by the peak shape method. As seen from 

Figure 4.6, when the dose level is increased, the activation energies indicated from 

the three shape parameters of the dosimetric glow peak show slight increase from 

1.30±0.1 eV to 1.35±0.1 eV between 0.2 and 200 Gy. And then above 200 Gy, they 

become approximately constant around 1.35±0.1 eV with increasing dose levels up 

to the applied maximum dose (D≈5 kGy) in the present study. This result again 

indicates that the dosimetric peak of this material is not a first-order glow peak but it 

has a general-order (b≠1) glow peak. 
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Figure 4.7: The activation energy Ea of the dosimetric glow peak of Sr2P2O7:Cu,Pr 

determined by PS method as a function of exposed dose levels (β = 1°C s
−1

). 
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10 
o
C region in this study. The heating rate used was 1 

o
Cs

-1
 and the exposed dose 

level was always set to 12 Gy. Some of the selected glow curves after Tm–Tstop 

procedure are indicated in Figure 4.8 and Figure 4.9.  

 
Figure 4.8: Some of the selected glow curves of Sr2P2O7:Cu,Pr after different Tstop 

temperatures between 59 
o
C and 134 

o
C at a linear heating rate β = 1 

o
C s

-1
. The 

exposed dose levels are always adjusted to ≈12 Gy. 
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Figure 4.9: Some of the selected glow curves of Sr2P2O7:Cu,Pr after different Tstop 

temperatures between 139 
o
C and 214 

o
C at a linear heating rate β = 1 

o
C s

-1
. The 

exposed dose levels are always adjusted to ≈12 Gy. 

A plot of the Im versus Tstop curves for glow peaks (P1 and P2) of Cu and Pr-

doped Sr2P2O7are shown in Figure 4.10. As seen; seen there is no plateau region in 
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the plots of Im-Tstop, but rather continuously decrease of peak intensities of both glow 

peaks from the beginning of the curves up to end of the of stopping temperature. But, 

the decrease in the slope of first peak is always faster than dosimetric peak. The 

dosimetric peak slowly decreases at the beginning of the plot up to ≈120°C and then 

a quick decrease up to Tstop=214 °C is noticeable. It is completely vanished above 

Tstop>220 
o
C. 

 
Figure 4.10: Im-Tstop plot for the thermoluminescent glow peaks of Sr2P2O7:Cu,Pr. 

A plot of the Tm–Tstop, T1–Tstop and T2–Tstop curves for low and high 

temperature glow peaks (P1 and P2) obtained with thermal cleaning method are 
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Sr2P2O7:Cu,Pr are not constant, but rather change with Tstop. As mentioned 

previously, if the glow peak’s maximum temperature continuously shifted to the high 

temperature side with increasing Tstop, this result indicates that TL kinetics has an 

order higher than one or at least it is the superposition of highly overlapped first-

order glow peaks. Therefore, according to obtained result in this study by Tm-Tstop, 

the kinetic order of dosimetric glow peak must be greater than one or at least it is the 

combination of at least two components.    

 
(a)                                                        (b) 

Figure 4.11: Tm–Tstop plot for the thermoluminescent glow peaks of Sr2P2O7:Cu,Pr. 

If the slopes of T1, Tm and T2 are different as function of stopping 
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quickly increases to 0.56±0.01 up to 214 
o
C (Figure 4.13(a)). The process of thermal 

quenching of luminescence might be one of the causes of the change in μg value 

depending on the value of Tstop, since the process of thermal quenching affects the 

form of the glow curve due to its non-linear dependence on temperature. Another 

reason might be that the both peaks have general-order glow peaks and the number 

of empty traps increases with increasing stopping temperature, then, this could effect 

the μg values of both peaks. 

 
Figure 4.12: (a)The geometric factor μg ,T2-T1 and T2-Tm of low temperature glow 

peak of Sr2P2O7:Cu,Pr as a result of Tstop determined from the Tm–Tstop procedure. 

Lines are fits to guide the eye. (b) The activation energy (Ea) resulting from the PS 

method after the Tm–Tstop procedure. 
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the peak shape (PS) method. The plots of calculated activation energies of both glow 

peaks by the PS method are shown in Figure 4.12(b) and Figure 4.13(b). Note that 

the both peaks were always assumed to be a single peak during the calculation of Ea 

in this experiment. It was observed that the calculated values of the activation 

energies of both peaks always changes with increasing stopping temperatures. For 

example, the Eτ, Eδ and Eω values of dosimetric peak irregularly increases from 

1.2±0.05 eV to 1.3±0.05 with increasing Tstop up to 180 
o
C and then it quickly 

increases to 1.4±0.05 up to 214 
o
C (Figure 4.13(b)). 

 
Figure 4.13: (a) The geometric factor μg, T2-T1 and T2-Tm of high temperature 

dosimetric glow peak of Sr2P2O7:Cu,Pr as a result of Tstop determined from the Tm–

Tstop procedure. Lines are fits to guide the eye. (b) The activation energy (Ea) 

resulting from the PS method after the Tm–Tstop procedure. 
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instead of from the Tm–Tstop plot. Therefore, the IR method was also employed to 

obtain the Ea–Tstop plot in this study. This method is one of the most reliable methods 

for evaluating Ea of a single glow peak. In this method, at the beginning of the TL 

glow peak, the concentration of trapped electrons no changes by only a small amount 

with temperature and thus it can be regarded as constant, so that the first- and 

general-order TL equations are simplified as I(T)αAexp(−Ea/kT), where A is a 

constant and the TL intensity is independent of b. Therefore, a plot of ln(I) versus 1/T 

would yield a straight line with a slope of −Ea/kT , from which Ea can readily be 

calculated. This method can be used only in the initial region of the TL signal up to 

≈10% of its peak maximum (Im). However, if the intensity at the beginning of each 

peak is very low and especially when the glow curve is composed of several glow 

peaks, the obtained values of Ea may not reflect the actual values. Hence, in such a 

case, the values of Ea obtained by the IR method often need corrections. 

Christodoulides [80] and Singh et al [81] have suggested the use of high level of 

glow peaks to reduce the inaccuracies in Ea due to high levels of the used signal, 

which was also utilized in this work. Another issue during the evaluation of Ea by IR 

is the effect of thermal quenching effect on the evaluated Ea. This effect 

underestimates the values of Ea obtained by the IR method. Since the experimental 

glow curve shape is highly distributed by the thermal quenching effect, it cannot give 

reliable information about the values of Ea. However, the IR method analyses only 

the leading part of the glow peak and as such yields data appropriate to only that 

component of the TL signal comprising the full peak. Therefore, even if the IR 

method gives erroneous values of Ea when thermal quenching is present in the 

material, it should be expected that the plot of Ea against Tstop still gives plateau 

regions with a gradual decrease at the end of each plateau after the Tm–Tstop 

procedure even if the glow curve is the superposition of overlapping glow peaks.  

It is well known that the thermal quenching effect is dominant in many TL 

dosimetric materials, i.e., in Al2O3:C (TLD-600) [82],  in quartz [65,83], in CaF2:Mn 

[84]. If the materials suffer from thermal quenching effect, the reduction of Ea values 

was clearly observed by previous researches in this field [85]. The result of 

calculated activation energies by repeated initial rise (RIR) method is shown in 

Figure 4.14 as a function of Tstop. As seen from this figure, the values of Ea become 

nearly constant around 1.04±0.02 eV, which gives the Ea value of the first glow peak 

(P1) up to Tstop≈110 °C. Beyond this temperature (Tstop>110 °C), the values of Ea 
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quickly increases and it becomes again become nearly constant around 1.26±0.04 

eV, which gives the Ea value of the dosimetric glow peak (P2) up to Tstop≈214 °C. 

However, when it is carefully checked, it is seen that the calculated values of the 

activation energies in region of dosimetric glow peak (peak-2) (130 
o
C<Tstop<214 

o
C) 

were continuously decreased from 1.30 eV to 1.22 eV. This means that no noticeable 

good flat regions were obtained after Tstop>130 °C. Hence, we can say that the 

process of thermal quenching should be effectively revealed in this sample when Tstop 

exceeds 130 °C. 

 

Figure 4.14:The activation energy (Ea) resulting from the RIR method after 

Tm–Tstop procedure. 

4.5. Glow Curves Analysis by CGCD Method 
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minimization procedures are used for the glow curve analysis in the CGCD program. 
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As a consequence, one may wonder whether the results of CGCD method reflect the 

accurate kinetic parameters of the TL peaks. According to many experienced 

researchers, the results obtained by the CGCD method, in some cases, seem to be 

unreliable. Especially, the advantages of the CGCD method may be undermined in 

complex TL glow curves. As a result, many possible sets of kinetic parameters could 

be assigned to the same glow curve if different number of glow peaks was used in 

the CGCD program. Therefore, the number of glow peaks was only investigated by 

the CGCD method in the given study. The used CGCD program, which is based on 

the least square minimization procedure, was developed at the Reactor Institute at 

Delft, The Netherlands [86]. In this study, the first-order kinetic was approximated 

for all CGCD evaluations by the expression2.29 and 2.36 [86, 63]. 

 The goodness of fit for all the measured glow curves was tested using the 

figure of merit (FOM) [75]. From many experiences, it can be said that, if the values 

of the FOM are between 0.0% and 2.5% the fit is good, between 2.5% and 3.5% is a 

fair fit, and >3.5% is a bad fit. Detailed information on the deconvolution method 

has been given elsewhere [63]. 

 The number of glow peaks is not a free fitting parameter during the 

deconvolution of the measured glow curve into individual components in the CGCD 

programs. If the number of peaks is not known, it can be found by fitting the glow 

curve several times with a different number of components up to obtaining best-fit 

result. Therefore, the real number of glow peaks to be in the glow curve of 

Sr2P2O7:Cu,Pr was investigated by using different number of glow peaks in the 

CGCD program.  In the given study, it was observed that it is not possible to fit the 

glow curve of Sr2P2O7:Cu,Pr by two components (glow peaks) with first-order 

kinetics. In this case, there were large differences between experimental and 

computed glow curves when two first-order components were assumed in the CGCD 

program. However, the goodness of fit was relatively improved if the glow curves of 

this sample was fitted by one first and one general-order components. In this study, 

after many tries with different number of glow peaks, it was observed that the glow 

curve structure of Sr2P2O7:Cu,Pr is well described by a linear combination of at least 

two general-order glow peaks. In this case, a reasonably good fit was always 

obtained. Therefore, the glow curve of Sr2P2O7:Cu,Pr was always fitted with two 

general-order components. All of the glow curves of Sr2P2O7:Cu,Pr recorded after 

Tm-Tstop experiments were analyzed by CGCD method with two general-order 
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kinetics. Some of them are shown in Figure 4.15 along with their components. The 

obtained kinetic parameters (activation energy (Ea), frequency factor (ln(s)), kinetic-

order (b)) along with peak intensities (Im) of both glow peaks are shown in Figure 

4.16. 

 

 

Figure 4.15:Some of the CGCD analyzed glow curves after different Tm-Tstop 

experiments (D≈12 Gy). In all figures, open circles, solid lines and dotted lines 

represent the experimental points, global fitting and fitted individual peaks, 

respectively (β = 1°C s
−1

). 
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Figure 4.16:The kinetic parameters (Ea, s, b) and peak intensities (Im) of glow peaks 

of Sr2P2O7:Cu,Pr resulting from the CGCD method after Tm–Tstop procedure. 

4.6. The Influence of Heating Rate 

In the present study, the influence of heating rates between 1 and 30 °C s
−1

 on 

the peak temperatures and peak intensities of glow peaks of Cu and Pr-doped 

Sr2P2O7was also investigated by the peak height technique. A set of glow curves 

measured with different heating rates is shown in Figure 4.17(a). The influence of 

heating rate on the glow peaks is clearly seen in this figure. As expected in theory, 

the peak temperatures of both glow peaks in the glow curves of Sr2P2O7:Cu,Pr are 

shifted to higher side as the heating rate increases (Figure 4.17(b)). But the rate of 

shifting is decreased with increasing heating rate. On the other hand, both peak 

intensities of both glow peaks continuously decrease with increasing heating rate in 

100 150 200
0,90

0,95

1,00

1,05

1,10

1,15

1,20

1,25

1,30

1,35

1,40

 P1-Ea

 P2-Ea

A
ct

iv
at

io
n

 E
n

er
g

y
 (

eV
)

Tstop (oC)
100 150 200

27

28

29

30

31

32

33

 P1-s

 P2-s

F
re

q
u
en

cy
 F

ac
to

r 
(l

n
(s

))
  
(s

-1
)

Tstop (oC)

100 150 200

1,2

1,4

1,6

1,8

2,0

 P1-b

 P2-b

K
in

et
ic

 O
rd

er
 (

b
)

Tstop  (oC)
100 150 200

0

2

4

6

8

 P1-Im

 P2-Im
P

ea
k

 I
n

te
n

si
ty

 (
a.

u
.)

Tstop  (oC)



67 

 

the investigated heating rate region. The results of the peak height of both glow peak 

of Cu and Pr doped Sr2P2O7 are shown in Figure 4.17(b). As seen, the influence of 

heating rates on the intensities of glow peaks is approximately equal to each other 

and is very effective with increasing heating rate. Figure 4.17(b) shows that the 

decrease in the peak height of both peaks with heating rates from 1 to 30 
o
C/s is on 

the order of 80%. 

 
Figure 4.17: (a) Some of the selected glow curves of Sr2P2O7:Cu,Pr measured at 

various heating rates from 1°Cs
−1

 to 30°Cs
−1

. All the glow curves were measured 

after β-irradiation to a dose level of ≈12 Gy. (b) The peak temperatures (Tm) and 

thermoluminescence response (Im) of glow peaks of Sr2P2O7:Cu,Pr as a function of 

heating rate [1].  
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Two mechanisms have been suggested in the literature to explain the decrease 

in the luminescence efficiency, and both give rise to an expression of the form of   

 = (1 + Cexp(W / kT))
-1

 

where W and C are the quenching parameters. In the former, the reduction in 

intensity of TL peaks can be attributed to the thermal quenching effect. The thermal 

quenching of luminescence was first observed in natural quartz [43]. It was 

understood to due to the increased probability of non-radiative transitions competing 

with radiative transitions. In fact, the luminescence efficiency of a phosphor is given 

by =Pr/(Pr+Pnr), where Pr is the probability of luminescence transitions, 

temperature independent and Pn r is the probability of non-radiative transitions, which 

is temperature dependent. Since the increase in the heating rate resulted in an 

increase in the temperature of the TL glow peak, this shift in temperature was held 

responsible for the increase in the contribution of non-radiative transitions. Then, it 

was inferred that the glow peaks occurring at higher temperatures must exhibit 

higher thermal quenching than those occurring at lower temperatures any TLD 

material. Apart from the increased probability of non-radiative transitions at higher 

temperatures, the observed effects have also been assigned to the effects of heating 

rate on the migration of charge carriers released during the TL readout. If the lattice 

parameters are responsible for the non-radiative transitions, the raise in the moving 

of the charge carriers with temperature would reduce the luminescence efficiency 

and therefore the response will reduce at a faster heating rate. However, in order to 

have a tenable explanation for the variation of peak intensities with the heating rate, 

it will require a more detailed investigation because a single model may not be 

sufficient to explain the observed variations and many models can play a role in the 

variations of TL response of this material. 

4.7. Fading Studies at Room Temperature 

For used dosimeters, the emitted light due to trapping of electron must be 

stable to get correct result in geology and archaeology dating. For a sample to be 

useful in dosimetry, the TL intensity of its dosimetric peaks should be stable and not 

fade upon storage after exposure. Any noticeable radiation captured at room 

temperature will cancel the relation between TL emission and the radiation exposure 

that might have been liberate long time before readout. The extent of TL signal decay 
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over long periods is difficult if not impossible to measure directly, particularly in 

archaeological applications.  

For researching the fading properties of glow curves in Sr2P2O7:Cu,Pr, the 

samples were stored about the room temperature between 25 and 30 
0
C over a period 

of 1 month after beta-ray exposure. The initial analysis is done by using of CGCD 

method, due to planning of storage glow curves. The normalized relative results of 

analyzed glow curves by CGCD method are demonstrated in Figure 4.18. Each point 

in the figure is the average of four readings. The results demonstrated a very high 

decrease of the TL response during the elapsed period of time in both peaks. As seen 

from this figure, peak1 is quickly decreased and the fading of this peak is higher than 

90% for 1 week. It was completely removed from the glow curves after the storage at 

room temperature for 20 days after the irradiation. So, the influence of this peak in 

dosimetric measurements can be easily eliminated by making the TL measurements 

by incorporating a pre-read anneal at about 80 
o
C for a few seconds in the TL reader 

system. On the other hand, the TL yield of dosimetric peak (peak 2) was reduced to 

typically 20% of its original value after 1 month storage at room temperature. 

 
Figure 4.18: Fading evaluation of the deconvoluted peaks of Sr2P2O7:Cu,Pr at room 

temperature in  the isolated room. 
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temperatures when the heating rate is increased. However, a difficulty arises in the 

case of highly overlapping glow peaks when applied this method, since, then, the 

apparent maxima of the measured glow curve may not coincide with the actual peak 

maxima of the individual glow peaks. In this situation, the determined kinetic 

parameters by the VHR method may not reflect the real values if the glow peaks. To 

overcome this problem, in some cases, the thermal cleaning method was first used to 

clean the low temperature peaks with a minimum loss in the intensity of the main 

peak in question and separate glow peaks from each other. However, if the glow 

curve of Sr2P2O7:Cu,Pr was carefully checked, it was seen that the peak maxima of 

both glow peaks (P1 and P2) are easily distinguishable from each other. Thus, the 

activation energies of these peaks were calculated by the VHR method after 

determination of their peak temperatures by choosing their directly read maxima 

from the glow curves. A plot of ln (Tm
2
/ ) versus (1/ Tm) of glow peaks is shown in 

Figure 4.19(a-b). The calculated values of activation energies of both peaks from the 

slopes of these curves are also given within the inset of figure. However, it is seen 

that the results obtained by the VHR method are highly different from the obtained 

values by other methods such as PS and CGCD. The temperature lag between the 

heating element and the thermoluminescent sample during the TL readout in readers 

using contact heating is an important parameter that affects the kinetic parameters 

obtained by the VHR method. Therefore, it has to be taken into consideration to 

avoid large errors in the kinetic parameter determination by the VHR method. 

 
(a)                                                               (b) 

Figure 4.19: Variable heating rate plots of ln(Tm
2
/ ) againts (1/ Tm) of glow peaks. 

(a) Peak 1, (b) peak 2.  
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4.8. Dose Response 

Another important feature of glow curves is their dependence on the 

excitation dose. The dose can be defined as the accumulated amount of irradiation 

incident on the sample during the excitation period at low temperature, or the total 

amount absorbed prior to the heating. In the applications in dosimetry and 

archaeological dating of ceramic samples, a linear dependence on the dose in broad 

ranges is highly desirable, but this is by no means always found to be in case. 

Typically, at high doses, the dose dependence curve approaches some saturation 

value. At low doses, linear dose dependence is quite prevalent, however super linear 

(or supralinear) dependence as of the lowest doses sometimes occurs. Therefore, in 

dosimetric investigations), it has to been consider the dose response curve of 

material.  

The dose response of Sr2P2O7:Cu,Pr was studied as a function of irradiation 

time between 1 s (0.04 Gy) and 32 hr (4.6 kGy) using -rays. Some of the selected 

glow curves after different dose levels are shown in Figure.4.3 and 4.4. Samples 

were annealed at 400 °C for 30 min before each use and then read immediately after 

irradiation. All recorded glow curves were analyzed by CGCD program and the 

resulting dose response curve is shown in Figure 4.20. As shown all data in dose 

response are plotted on a log–log scale. It is clearly seen that the obtained dose 

responses of both glow peaks follow similar pattern up to 50 Gy. As seen, it looks 

as that the peak areas of both peaks were linearly increased with increasing beta-ray 

dose up to 50 Gy and then a saturation effects start to appear up to applied 

maximum dose in the present study. Above this level (D>50 Gy), they have slightly 

different slopes and they are saturated at different dose levels. The calculated values 

of slopes of both peaks between 0.4 Gy and 50 Gy are approximately equal to each 

other which are equal to 1.04 on the log-log scale.  

So, as similar to the most common TL materials, Sr2P2O7:Cu,Pr compound 

shows extremely useful TL feature of perfect linearity in its TL response obtained by 

peak area method with dose up to 50 Gy. Generally supralinearity is a characteristic 

of a large variety of TL materials, so TL linearity in the high dose region, over 10 

Gy, is exceptionally rare. Therefore, the presented results in this work suggest that 

the second peak at 180 °C can be safely used as a dosimetric peak in medical 

applications and thereupon it is called as dosimetric peak in this study. 
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The usable dose range of many phosphors is limited at the lower end of doses 

by the variability in the background signal from the undosed samples. In the given 

study, the experimentally determined minimum detectable dose defined as that dose 

which gives three times the standard deviation of the zero reading of the Cu and Pr-

doped Sr2P2O7 phosphors, is also estimated and it is found to be approximately 400 

μGy. 

The TL sensitivity of this material was also compared with the well known 

dosimeter TLD-100. They were given a test beta-dose of 2.4 Gy and their 

sensitivities were compared. As mentioned previously, the second peak at 170 
o
C is 

the most intense of glow peaks in Cu and Pr-doped Sr2P2O7 and hence it is important 

for dosimetric studies. Therefore, after the normalization to the same mass of all 

samples, the TL intensity of peak 2 of Sr2P2O7:Cu,Pr sample was compared with 

intensity of peak 5 in TLD-100 and it was found that the TL intensity is 

approximately 50.1 of TLD-100. 

 
Figure 4.20: The TL dose response curve of glow peaks of Sr2P2O7:Cu,Pr sample 

determined by the peak area of glow peaks. 
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CHAPTER 5 

 

CONCLUSION 

 

In the previous studies [1, 79], the thermoluminescence features of rare earth 

oxides (i.e.Pr6O11) along CuO doped into the previously prepared pure Sr2P2O7 were 

studied in detail. XRD studies showed that doping did not affect the host structure of 

Sr2P2O7 but caused only small shifts in the XRD patterns of doped samples. In those 

studies, it was point out that the thermoluminescence glow curve of pure Sr2P2O7 

includes of only one glow peak at around 100 
o
C. On the other hand, Pr along Cu-

doped samples resulted with very intense, sharp peaks in TL glow curves around 

200
o
C. For this reason, the TL properties of this material were studied in detail in the 

given present study.  

The results in this study indicated that the reproducibility of integrated areas 

of glow peaks of Cu and Pr-doped Sr2P2O7 highly depend on the annealing 

temperature, time and preceding dose level applied to the dosimeter before usage. 

The additive dose method indicated that the peak temperatures of the glow peaks do 

not shift towards lower and/or higher temperature sides with increasing dose levels. 

The similar results were also obtained for T1 and T2 of both glow peaks. Therefore, 

their geometric shape factors (µg) were not changed with increasing dose levels. 

These results show that both of the glow curves should have first-order glow peaks. 

On the other hand, the Tm–Tstop procedure shows that the position of dosimetric peak 

shifts towards the high temperature side with increasing stopping temperature. This 

result meaned that the dosimetric peak of studied material can be best described with 

general-order kinetics. A detail analysis of this peak with other methods such as 

additive dose, peak shape, Ea-Tstop, and CGCD methods indicated that this peak have 

general-order kinetics. The similar result was also obtained for first peak. But, it was 

observed that its order is always close to first-order kinetic. The results of Tm-Tstop 

and additive dose experiments were also indicated that the kinetic parameters of 

these peaks determined by peak shape, initial rise and CGCD methods are dependent 
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on the experimental parameters such as dose level and heat treatment after the 

irradiation. These results determine that there is no good consensus or agreement 

between the results obtained by various techniques. Actually, the results of variable 

heating rate methods are very different than the others. Additionally, the determined 

activation energy values found by IR, CGCD and PS methods for the dosimetric 

peak approach to each other and they reach 1.3±0.1 eV which is highly different 

result obtained by VHR method. One possible explanation for the confliction on the 

value of kinetic parameters is that the variation in the emission spectrum with 

temperature, self-absorption, thermal quenching and application of a high heating 

rate are some possibilities for causing distortions in the glow curve shape which in 

turn have an effect on the evaluated kinetic parameters of Cu and Pr-doped 

Sr2P2O7samples. Moreover, a distribution of activation energies and frequency 

factors may cause a variation of the estimated kinetic parameters. On the other hand, 

some of the important dosimetric properties of this material such as its TL 

sensitivity, dose response and simple TL glow curve shapes were suggesting that this 

material could use as a dosimetric material in the radiation dose measurements.          
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