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ABSTRACT 
 

The actual dose delivery in radiotherapy is of prime importance, which can only be 

achieved by using an accurate dosimeter. This work reflects the fabrication of three types 

of dosimeters that can be applied in radiation dose measurement during radiotherapy and 

other areas of radiation measurements. 

LiF is a special material, which when doped with some activators produces a single 

crystal that acts as a highly sensitive nanophosphor. These nanophosphors have several 

applications, such as, color center laser, integrated optics and radiation dosimetry. It is 

widely used in personal dosimetry because of its low energy dependence, tissue 

equivalency, stability and sensitivity. In this work, we have locally fabricated mono-

crystalline cubes of LiF doped with Mg, Ti, Dy
3+

 and Eu
3+

 by simple chemical co-

precipitation method. These dosimeters were annealed at two unique temperatures i.e. at 

400ºC and at 600ºC. The synthesized samples were characterized by XRD, SEM, and FE-

SEM, EDX, FTIR for structural and morphological studies. XRD showed the phase of 

LiF and crystallite size was found around 30 nm. SEM studied the surface morphology of 

the samples as cubic, while EDX indicated the chemical composition of the 

nanophosphor. FE-SEM was employed to see the grain and grain boundaries more 

clearly. Furthermore, FTIR spectra were recorded in order to see the different molecular 

species and functional groups in these nanophosphors. The spectra revealed the presence 

of hydroxyl group (–O–H) of the metal hydroxide such as Mg (OH)2, stretching 

vibrations of rare-earth cations (Dy
3+

 and Eu
3+

) and metals oxides, Li-O and Mg-O. 
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To study the PL properties of the two dosimeters (LiF: Mg, Dy
3+

 and LiF: Eu
3+

), PL 

spectroscopy was performed, which confirmed the emission spectra in the visible region 

of 685 nm for Dy
3+

and 610 nm for Eu
3+

. Both emissions occurred in the red portion of 

electromagnetic spectrum. Finally, the core property of these dosimeters i.e. the TL 

property was studied from their glow curves. All the obligatory parameters for these 

dosimeters were carried out; for example, dose sensitivity, dose linearity response, dose 

fading, dose rate dependency, angle dependency, and energy dependency. The fabricated 

TLDs and commercially available TLDs were compared both in sensitivity and glow 

curve peak temperatures. The glow peak temperature was 285 °C to 290 °C while the 

sensitivity of the fabricated TLDs was about 8 times less than that of commercial ones to 

lower doses and vice versa. 

In-vivo dosimetry was performed using Rando-phantom in 5 common radiotherapy 

treatment sights having Organ at Risk. The OARs were shielded with customized blocks. 

The shielded OAR dose and the in-field target doses were measured, using the TL 

dosimeters (LiF: Mg, Ti). The measured dose and the Treatment Planning System 

(eclipse point dose version) results were compared and both were found well correlated 

in open areas, and shielded regions.  
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CHAPTER 1  

INTRODUCTION 
 

1.1 Cancer incidence 

Cancer is a disease characterized by uncontrolled growth and spread of abnormal cells 

that may end up forming malignant tumors. Cancer is among the most fatal disease 

globally which causes 7.6 million deaths, as reported in 2008 [1]. Figure 1.1 shows the 

cancer incidence worldwide grouped by tumor type. During 2002-2008, the five year‟s 

survival rate has increased by 20% as compared to 1975 database, which indicates an 

improvement not only in the early diagnostics but also in its cure. [2]. 

1.2 Radiation Therapy 

The treatment of cancer requires careful assessment on the level and stage of cancer 

before proceeding for surgery, radiotherapy (RT) and chemotherapy. At present, radiation 

therapy contributes to the cure of approximately 70% of all cancer patients, when used 

alone or in combination with surgery or chemotherapy immunotherapy [3]. 

Radiation has been used in medicine for diagnostic and therapeutic purposes since the 

discovery of x-rays over one hundred years ago. Radiotherapy is the use of high energy 

x-rays and other ionizing radiation such as X, gamma rays, electrons, and protons to treat 

diseases. The radiotherapy process is complex and involves a series of procedural steps 

beginning with patient diagnosis, stage of the disease and finally the treatment of the 

specified region by pre-programmed radiation dose. Currently 80% of cancer patients 

require radiotherapy as part of their treatment. RT has two main modalities: external 
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beam RT and brachytherapy[1]. In external beam RT, the radiation source is external to 

the patient whereas in brachytherapy radioactive seeds are placed inside the patient in 

direct contact with the tumor. The most widely used external type of treatment is photon 

beam. External photon beams fall into two categories depending on their origin, means of 

production and energy. The first categories are the gamma rays, which originate from 

radioactive nuclei such as Cobalt-60 radioactive sources. The second categories are the 

X-rays which originate in a target bombarded with energetic electrons. The X-rays are 

produced either in an X-ray tube (orthovoltage X-rays) or in a LINAC (megavoltage X-

rays). Photon and electron beam produced by LINAC are the most commonly used beams 

in cancer treatments. 

 

Figure 1.1 Worldwide cancer incidence from the WHO, 2008. 
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1.3 Radiation Therapy Objective and Treatment Planning 

In radiotherapy, goal of the successful treatment is to deliver dose to the target organ in a 

controlled manner as well to secure the healthy organ from radiations. Due to the ionizing 

nature of the radiations, there is always very narrow room between the target dose and the 

tolerance level of healthy organs. Radiotherapy record shows that, if dose is changed by 

5%, the probability of cancer control and damage to the healthy tissues changes by 20-

30%[2, 3]. Therefore, exact dose delivery, machine checkup and maintenance, and 

accurate treatment plan are the key factors to be focused. Radiotherapy techniques are 

growing very fast and becoming more complex, such as, tomotherapy, VMAT, IMRT, 

IGRT etc. On one side, these fast track and accurate treatment methodologies are 

considerably improving the cancer cure, but on the other side, intense care is to be 

incorporated for any possible machine or personnel error.  

Radiotherapy treatment planning is a process whereby sources of ionizing radiation are 

suitably arranged and combined to give a desired dose distribution in a particular region 

of the body. The goal of treatment planning is to produce a high and uniformly 

distributed dose throughout the target volume while keeping the dose to the surrounding 

normal tissues / organs at risk as low as possible. It is customary to merge number of 

external beams of radiation from different directions to the target organ to achieve the 

required quantity of dose and thereby minimizing the unwanted dose to the adjacent 

organs. The combination of beams necessitates two important parameters in treatment 

planning and these are beam weighting and normalization. Two sets of data are needed 

for the initialization and accomplishment of treatment planning [4,6] and these are:  
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1. Beam data: These characterize the radiation and imply measurement at the therapy 

machine. Algorithms and beam parameters are utilized to comply with the patient data. 

2. Patient data: These describe the patient‟s anatomy (geometry) in a form that can be 

combined with the beam data. Such data contains the information regarding patient 

exterior condition, the target organ, healthy organs directly coming in the radiation path. 

The enormous amount of beam combination, dose distribution and patient information 

data necessitate the use of computers for planning. When a patient undergoes the 

necessary procedures involved in producing a treatment plan, including imaging e.g. CT 

scan, MRI, etc. A computer plan is generated which is used as a tool for the accurate 

beam direction on the LINAC. Instructions from the plan have to be carried out in order 

to reproduce the correct arrangement of treatment fields. The plan specifies the gantry 

position, collimator positions and orientation, field sizes, shielding, wedge information 

and source to skin / surface distance pertinent to an individual patient. The plan also 

provides a contour of the patient‟s anatomy giving a view of tumor and surrounding 

normal tissues / critical organs [6].  

1.4 Customized Field Shaping 

All healthy organs are sensitive to radiations and care must be taken to protect them from 

direct exposure. However, some of the organs are relatively very sensitive to radiations, 

e.g. eyes, lungs, salivary glands, spinal cord etc. In a given treatment plan, care is taken 

to expose the target organ only to the radiations and minimize the radiation exposure to 

the surrounding healthy organs. To realize this, dose is divided in parts and is made 

incident on the target organ / tissue from different directions so as not to overcome the 

tolerance level of OAR.  
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Cerrobend blocks are widely used in several radiation oncology centers to protect normal 

tissues. The protection of normal tissues can be achieved by collimating the radiation 

beam. Some traditional blocks, mainly lead or alloys, exist in various shapes and sizes 

which are utilized for the protection of OAR. These blocks are manually placed over the 

OARs and hence block the path of radiation towards the OAR. The customization or 

placement of these blocks is realized according to the treatment plan and patient data 

obtained through imaging techniques [4]. 

1.5 Treatment Verification 

Radiotherapy treatment is complicated and involves a series of processes that result in a 

dose distribution to a patient. It is a complex process involving many steps before the 

actual treatment begins. Figure 1.2 summarizes the chain of processes involved before the 

patient is treated with radiotherapy [7]. A number of uncertainties are introduced at every 

step in the process of planning and delivery of treatment, which makes treatment 

verification a crucial step in ensuring accurate treatment delivery. 
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Figure 1.2   Steps in the radiotherapy treatment process. 

The process starts with the diagnosis and the decision to treat the patient with radiation 

therapy. This is followed by delineation of the target volume and OAR, usually from CT 

or MRI scans. Next is dose calculation that includes beam energy selection, shaping and 

optimization. Radiation fields are combined in an optimal manner to create a treatment 

plan for a particular patient in one or an extended set of fractions. Each step in this 

treatment chain has one or more sources of error and it is therefore important that each 

single step is executed with the greatest possible accuracy [5]. Due to very sensitive 

nature of radiotherapy, accuracy in each and every step is obligatory, because small error 
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in one step leads to big errors in subsequent steps. Uncertainties in the treatment process 

may include:  

1. Errors in the location and size of the target dimensions 

2. Errors in dose assessment 

3. Errors in device calibration and machine adjustments 

4. Inaccuracies in patient setup and / inter-fractional patient movement, Variability 

of patient‟s internal anatomy. 

The advancement and development of new procedures in radiotherapy demands a 

stringent verification procedure due to their complexity. The high dose gradients in these 

complex treatments make single point-dose measurements inadequate in verifying the 

dose distribution. Radiotherapy treatment confirmation is the procedure that allows the 

tumor volume to be treated as planned. A comprehensive treatment verification program 

is necessary that includes positional verification, treatment parameter verification and 

dosimetric verification to ensure that the right radiation dose is given to the correct place 

[6].  

1.6 Positional (Geometric) Verification 

In a given radiotherapy treatment plan, geometric verification ensures the limits of a 

given dose to the surrounding organs in accordance with the permissible range of dose. 

Geometric verification is a multi-step procedure in which the attainment of suitable 

reference images is of vital importance. In this verification, the treatment plan is 

compared with the data obtained from two or three dimensional images. In many 

instances, a reference image is obtained, which demonstrate the geometry of the 

treatment plan with reference to the internal or anatomical bones or markers. The 
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reference image can be digitally rebuilt from radiographs, simulations or the entire 

volumetric planning data. Any of these may be utilized for the assessment of treatment 

images. Before the start of radiotherapy, a pre-treatment verification of the reference 

image and treatment plan is done [8].  

1.6.1 Treatment Parameter Verification 

There are several control mechanisms to evaluate the accuracy of the single steps in the 

treatment procedure. These checks are based on QA of the treatment equipment, 

including the LINAC and treatment planning system, and on the data transfer among 

various types of equipment, such as transfer of data from a CT-scanner to the TPS and 

from the TPS to the linear accelerator. However, human procedures are subject to error 

also and determine the accuracy of the actual patient treatment process. In practice, 

despite of these control mechanisms, random or systematic errors still may occur[4]. The 

dosimetric impact of these errors is case dependent and proportional to the dimensional 

uncertainties[9]. An additional check during the actual treatment delivery provides 

information about the actual dose delivery and gives the ability to correct the dose before 

the next treatment fraction, when dose errors occur.  

1.6.2 Dosimetric Verification: In-Vivo Dosimetry 

Dosimetric verification is as crucial as the field placement geometric verification, 

considering the complicated treatment protocols employed in modern radiotherapy. 

Verifying dose is the most obvious method of assessing the accuracy of a patient‟s 

treatment. Patient dose verification in an in-vivo dosimetry which serves as a significant 

part of a quality assurance program in radiation therapy and has been accorded for the 
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betterment of quality in radiotherapy by numerous organizations such as the European 

Society of Therapeutic Radiology and Oncology[10] and the Royal College of 

Radiologists report No BFCO(08)1 „Towards Safer Radiotherapy‟[10,11]. In-vivo 

dosimetry is a tool to measure the radiation dose delivered to patients during 

radiotherapy. The aim of in-vivo dosimetry is to compare dose measured at the time of 

treatment with the dose values specified by the radiation oncologist and the dose values 

calculated by the software, to confirm that the delivered dose is in permissible range. In 

addition, an in-vivo dosimetry can be used for the accurate dose delivery to the target 

organ as well sorting out any error in the dose exposure. It can also serve as a tool to 

verify new treatment techniques in the clinic, after the initial validation of the procedure 

using phantoms, or as an indicator to assess the dose in OAR. It is recommended that in-

vivo dosimetry should be carried out on all patients and that the treatment dose delivery 

should be accurate to within 5% [12-13].For each individual patient the deviations 

between the delivered dose distribution and the distribution according to the treatment 

plan should be within the accepted tolerance limits[13]. Radiation dosimeters that have 

been used for dose verification include thermoluminescent dosimeters, diodes, films, and 

most recently EPID (Electronic Portal Imaging Devices).  

1.7 Modalities of Treatment Verification 

1.7.1 Film 

Film dosimetry can only be used for pre-treatment dose verification and typically 

employs high resolution radiographic film combined with film density digitization to get 

a two dimensional dose distribution[14].The technique involves placing a film inside a 
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solid water (dosimetrically water-equivalent plastic) flat phantom at the isocenter 

perpendicular to the beam axis. One film is used for each clinical field that has to be 

verified. Film depth can vary from the depth of maximum dose (dmax) to any depth of 

interest in the treatment plan. Pinholes are placed in the film marking the location of the 

cross-hair or points of registration. To calibrate the film used for the clinical fields, a set 

of calibration films, taken from the same batch of film, are exposed with known radiation 

field sizes, depth and doses to generate a calibration curve or exposure of one film with 

step and shoot MLC controlled field beam. The calibration curve is then used to convert 

the optical densities of the test film to absolute dose. Advantages of using film are that 

two dimensional dose distributions is possible and that the required equipment is 

commonly available in most radiotherapy departments. However, film dosimetry suffers 

from several drawbacks [14]. 

1. It is time consuming since it requires processing and scanning of the film, and needs a 

sensitometric curve to convert optical densities into absorbed doses. 

2. The dose response may be affected by the production batch and processing 

conditions, which are difficult to control. 

3. Film verification of multiple fields is labor intensive 

4. Film requires digitization for quantitative comparison 

5. Requires darkroom and processing facilities 

6. Storage and archiving of film are inconvenient and labor intensive  

1.7.2 Diodes 

Diodes are semiconductor dosimeters which are highly sensitive to radiation and offer 

direct and fast measurement of radiation. Due to their small size and less radiation 
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damage, diodes can be used for radiation dosimetry. Diodes are made of n- and p-type 

materials, which are joined together. At the junction, called the metallurgical junction, the 

n- and p-type materials form a charge-depleted region.  Irradiation induces flow of charge 

which can be amplified with an electrometer, and can be subsequently used as a measure 

of radiation dose. Diode signal depends on many factors including: photon beam energy, 

dose-rate, temperature, field size, source to surface distance, beam angulations and the 

presence of wedges or blocks[15]. For this reason, diodes require many correction 

factors. Diodes are conventionally used for treatment verification. They are the most 

commonly used dosimeter type for patient dose verification [16]. However, since they are 

usually placed on the patient‟s skin surface, they are used for point dose measurement 

and dose verification is usually limited to a number of superficial points.  

1.7.3 MOSFET 

In addition to the diodes, MOSFET is currently used as a reliable tool for in-vivo 

dosimetry. Due very small size, prompt response, ease of use, and portability, these 

transistors serve as the best among other types of dosimeter. These dosimeters measure 

the radiation response in mV, which is then converted into cGy by adopting suitable 

calibration factor. As these transistors measure a small voltage very accurately, they bear 

linearity to a large range of radiation doses. MOSFET proved to be useful as clinical 

dosimeters, as it equally responds to a wide range of electron and photon energies and 

different locations of the patient body.[17]. 
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1.7.4 Ionization Chambers 

Ionization chamber matrix dosimeters can be utilized for dose measurement on a plane 

geometry. These dosimeters consist of a large number of ionization chambers which are 

placed in a regular pattern at different locations inside the phantom. Matrix dosimeters 

can be connected to the gantry of the LINAC or placed on the treatment couch. The data 

provided by these dosimeters can be easily verified directly from the one calculated by a 

given treatment plan. However, these dosimeters lack many-points measurements and 

thus possess limited spatial resolution. This limits their applicability to the verification of 

high doses[18-19]. 

1.7.5 Electronic Portal Imaging Devices 

Currently, EPIDs are mainly used for patient set-up verification during treatment, but 

several other geometric properties like beam blocking shapes and leaf positions can also 

be determined. Recent literature indicates an increase in treatment verification with portal 

imaging and it is an effective means of reducing setup errors. Furthermore, one of the 

most recent usages of EPIDs is portal dosimetry, which allows the possibility of 

dosimetric treatment verification. Pre-treatment monitor unit verification is possible with 

high accuracy and also geometric parameters can be verified using the same EPID image. 

The acquired images are available for on-line review before commencement of treatment. 

By combining geometric and dosimetric information, the data transfer between TPS and 

linear accelerator can be verified. 

The EPID dosimetric capability is based on the presumption that the mean pixel value of 

the imager is dependent upon the photon fluence incident upon the corresponding area of 
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the dosimeter. This in turn is related to the dose at the exit surface of a patient or 

phantom. Thus, radiation dose measured at the dosimeter is related to the attenuation 

through the patient and input dose. If the dosimeter is far enough away from the patient to 

reduce scatter to a minimum, then the EPID image should produce an accurate estimate 

of the radiological thickness of the patient which can be related to dose [20-22]. 

1.7.6 Thermoluminescent Dosimeters 

TL dosimeters are compound materials that exhibit luminescence upon heating. The two 

very commonly known TL materials are LiF and CaF2.Among many other TLDs, the 

most commonly used TLDs in radiotherapy are TLD-100 (LiF: Mg, Ti) LiF: Mg, Cu, P 

and Li2B4O7: Mn, because of their tissue equivalence. Other types of TLDs include, 

CaSO4: Dy, Al2O3: C and CaF2: Mn, which are employed for high dose measurements. 

TLDs can be used to measure the dose at the interior or exterior of the target volume. 

These dosimeters are small in size, portable and require no wire connection for dose 

measurement; and hence can be used to verify dose measurements inside a Rando-

phantom. These parameters make TLDs as perfect dosimeters for in-vivo dosimetry. 

They  allow direct dose measurement during therapeutic process [23, 24].  

A drawback of this approach is that dosimetric information is only obtained at a single or 

a few points. The major disadvantages of TLD are that there is no instant readout and that 

the signal is erased during readout and hence it is easy to lose dosimetric information.  

1.7.6.1 Thermoluminescence 

Thermoluminescence is the emission of light from materials termed as phosphors. The 

process of TL takes place when phosphor materials are heated. The phenomenon of TL 
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can be explained in two steps. In first step the system absorbed UV light energy or 

ionization energy and promote to metastable state. In the second step the system releases 

the absorbed energy in form of light with the help of thermal stimulation process and 

comes back to the equilibrium state. Thus, TL is the thermally stimulated emission of 

light that has previously been absorbed by the material from incident radiation. The three 

main areas in which TL materials are frequently used are; radiation dosimetry, age 

determining and geology [25]. Thermoluminescent characteristics of TL materials make 

them able to be used in various types of radiation dosimetry. Different TL materials show 

different properties; therefore, different types of TL materials are used for different 

application and purposes. TL materials are nowadays widely applied in many dosimetry 

fields, such as personal, environmental and clinical dosimetry [26]. 

1.7.6.2 Thermoluminescent Materials 

Due to a variety of applications in different types of dosimetry, the TL materials have got 

a great deal of attention in the recent past. The most common and frequently used TL 

materials are mostly composed of LiF and CaF2. Beside radiation dosimetry these 

materials finds a number of applications in biochemistry, radiation physics, TL 

photography etc. Thus, these materials have been extensively studied by various 

investigators. The commercial production of LiF based luminescent materials was studied 

by Cameron in 1961 and introduced the LiF: Mg, Ti dosimeters called as 

Thermoluminescent dosimeters TLD-(100,600, 700). These materials can now be found 

in various forms including hot-pressed chips, extruded rods or pure powder. The most 

popular forms of this material found as hot-pressed chips and are commercially available 

from The Harshaw Chemical Company as TLD-(100, 600, 700). TL dosimeters LiF: Mg, 
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Cu (P; B; Si) were introduced by Nakajima et al. These materials were observed to be 

much more sensitive than the previously commercial TL materials [26]. LiF: Mg, Cu, Na, 

Si is another important TL material which was introduced by Kim et al. This material 

showed good stability and linear TL response over a wide dose range as compared to that 

of LiF: Mg, Cu, P. LiF: Mg, Dy dosimeter is also an interesting TL material that shows 

better stability and low fading of about 6% for 30 days duration, stability of the glow 

curve at high doses of gamma rays of 10
3
Gy and also displayed linear response within the 

range of 0.1 to 10Gy which is a suitable range for numerous medical applications and 

radiotherapy [27]. Besides, the above mention TL materials the other most common and 

well known TL materials which are frequently used in biomedical applications are TLD-

100 (LiF: Mg, Ti), TLD-200 (CaF2: Dy), TLD-300 (CaF2: Tm), TLD-400 (CaF2: Mn), 

TLD-700H (LiF: Mg, Cu, P), TLD-900(CaSO4: Dy). 

1.7.7 Photoluminescence 

The phenomenon in which a material emits light under optical excitation is called 

Photoluminescence. In this process light is absorbed by the materials which promote the 

electrons of the material to some high energy state and after de-excitation the absorbed 

energy is emitted as a light photon.  

Phosphors are photoluminescent materials that give luminescence when excited by some 

excitation source. These materials are composed of host matrices and some activators, 

which are intentionally created defects and responsible for the emission. A variety of 

phosphors have been invented and is now under investigation for different practical 

application. 
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1.7.7.1 Photoluminescent Materials  

PL materials are the materials that emit light as a result of absorption of energy and are 

frequently used for different application purposes. These materials find a number of 

applications in field of optoelectronics, different kind of displays, LEDs and solid state 

laser technology. The most common PL materials are composed of RE host Y2O3, La2O3 

and activators like Eu
3+

, Ho
3+

, Tb
3+

, Tm
3+

, Ce
3+

, Sm
3+

 and Er
3+

etc. [28].  

1.8 Applications of Phosphor and TL Materials 

Phosphor materials have been investigated for a long time and thus finding a number of 

applications in many diverged fields. These include a variety of display applications, such 

as electroluminescent, photoluminescent, plasma and FEDs, LCDs, CRTs, X-ray 

dosimeters, LEDs[29-30]. 

These nanocrystalline materials also have potential applications in field of nano-medicine 

and biotechnology, which include MRI, drug delivery, labeling of DNA and 

Photoluminescence imaging in-vitro and in-vivo. Figure 1.4 illustrates the major 

applications of phosphor materials [31-32]. 

 



17 
 

 

Figure 1.3 Major applications of phosphors. 

 

TL dosimetry is used in various fields for example, radiation protection, industry, 

radiotherapy clinic, environmental and space research. As per requirement, a given TLD 

is supposed to reproduce results, affected less by humidity, and equally sensitive to low, 

medium and high doses. 

Figure 1.4 Illustrates the major applications of TL materials. 
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Figure 1.4 Major applications of TL materials. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Thermoluminescence Dosimeters 

In radiotherapy, the accurate measurement of delivered dose of ionizing radiations for the 

cure of cancer and non-cancerous diseases is very important [1]. The fast and 

undetermined decrease of the treatment radiation dose with depth causes the interior 

organ / parts at risk. Therefore, to ensure it safely accurate and precise dosimetry of the 

therapeutic beam is extremely necessary [2]. Diagnostic radiology consists of X-ray 

examinations of patient, CT, nuclear medicine, PET etc. It is required for both radiation 

protection and optimization of image [3].Radiation dosimetry is generally defined as the 

techniques to find out the deposited energy due to ionizing radiation in a given medium 

during or after irradiation[4]. Ionization chambers, semiconductor diodes, sensors, films, 

MOSFET and TL dosimeters are among the commonly known radiation dosimeters [5, 

6]. TL dosimeters are most flexible and can be used in various radiation dose 

measurement applications, especially in personnel monitoring for the quantitative 

measurement of X-ray, gamma and beta radiations[7].Thermoluminescence is an 

experimental technique for the measurement of ionizing radiations in radiation 

dosimetry[8]. Different technical fields like geology, solid-state physics, radiation 

dosimetry etc. make use of practical applications of thermoluminescence in many fields 

like dating of mineralization, medical dosimetry etc. [9, 10].  
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2.2 Principle of Thermoluminescence Dosimetry 

Thermoluminescence dosimetry is based on simple principle of thermally stimulated 

emission of light from the materials i.e. insulator, semiconductor by an earlier absorbed 

energy through irradiation[11]. This emitted light can be related to the absorbed dose of 

radiation by the irradiated TL materials or phosphors[12]. Nearly all semiconductors and 

insulators exhibit thermoluminescence due to the presence of trapping level within the 

forbidden band gap and metals do not exhibit thermoluminescence [13]. The mechanisms 

of the TL emission are developed by electronic band model of semiconductor[11, 13]. 

According to this model of semiconductor, a band gap occurs between the valence and 

conduction bands, called the forbidden band gap (Eg). However, the impurities make it 

possible for electrons to have energies within the band gap which are forbidden in the 

perfect crystal[11]. RC, MC or CC and Traps are different levels  which arise due to 

impurities[13]. All these terms involved in the mechanisms of TL process are 

diagrammatically shown below; 
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Figure 2.1 Energy level diagram of thermoluminescence process [13]. 

 

Ionizing radiations create electrons and holes, which are mobile carriers. Electrons move 

from the valance band to conduction band, while holes stay or freely move near the 

valance band. The electrons during their motion to conduction band are trapped in traps 

provided by impurities. The energy difference between an electron trap and bottom of the 

conduction band is known as trap depth. Energy associated with this trap is termed as 

activation energy. The holes left behind by electrons move to hole traps. These different 

traps are deep enough such that electrons and holes are confined there for long period of 

time. But at much high temperature electrons are released from their traps and 

recombined with the holes accompanied by the emission of light[11]. Then the 

luminescence intensity is measured by a PMT in a TL reader system. The radiation dose 
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received by TL material is proportional to the anode current in PMT produced by TL 

light[14]. A glow curve for TLD is a plot of the total light emitted as a function of 

temperature. The area under this glow curve is proportional to the amount of radiation 

energy absorbed by the TL phosphor [15]. Glow cure of TLD LiF is shown in Figure 2.2. 

 

Figure 2.2 Glow curve of TLD lithium fluoride [13]. 

2.3 Historical Review 

Historically, thermoluminescence phenomenon was found in diamond by one of the 

founders of modern chemistry, Sir Robert Boyle in 1663 [16]. Later on, similar 

phenomenon was observed also in fluorspar[17]. In 1895, Wide mann and Schmidt 

observed TL in substances irradiated with cathode rays [18]. In 1898, Trowbridge and 

Burbank observed the TL property in fluorite by X-rays. Later, Morse investigated the 

spectrum of the emitted light by fluorite through the process of TL in 1905. In 1930, 

Urbach investigated TL from alkali halides and signified that the temperature of 

maximum emission of light is related to electron trap depth. Research collaborators 
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Randall, Wilkins, Garlick and Gibson developed the TL theory in 1945-48, which is all 

about the shape of glow peak in terms of temperature, heating rate, trap characteristics. 

According to Randall and Wilkins, the electrons in the traps have Maxwell‟s distribution 

of thermal energies. All electrons released from the traps are recombining with hole and 

there will be no re trapping, resulting simple glow curve. From this glow curve the 

intensity and temperature will be calculated. But Garlic and Gibson further extended the 

equal probabilities of recombining or retrapped of charge carriers, which give complex 

glow curve. F. Daniels and colleagues from the Wisconsin University studied the TL 

phenomenon of LiF in 1953 and used this phenomenon as a technique for dose 

determination in scientific and medical applications [17, 19]. In the same year, Daniels, 

Boyd and Saunders were used LiF to measure the dose received by cancer patients which 

were treated with radioactive isotopes [20]. Cameron and his colleagues studied the 

causes of desirable properties of LiF and its connection with the interaction of complex 

defects, which are introduced due to the Mg and Ti doping. These studies of Cameron 

and his colleagues eventually led to the patent of TLD-100 by Harshaw Co. in 1963 [21]. 

This company developed LiF in the form of TLD-100, TLD- 100H, TLD- 600 and TLD- 

700 [22]. In these different TLDs, Li presents in different quantities of their isotopic 

forms Li-6 andLi-7. TLD-100 comprises Li-6 (7.4%) and Li-7 (92.6 %). TLD-100H 

contain Li-6 92.14% and Li-7 7.36%. TLD-700 consists 7.5% of Li-6 and the rest Li-7. 

While TLD-600 has 4.4% Li-7 and 95.6% Li-6[23]. In these TLDs, the activators or 

dopants present in a very small amount, play the role of traps of electron and 

luminescence center for the production of Thermoluminescence [24]. The sensitivity of 

LiF is such that it is able to measure the dose down to 0.1 mGy and therefore, it is 
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sufficient for dosimetry application in diagnostic radiology [25]. By doping magnesium, 

copperand phosphor in LiF i.e. LiF: Mg, Cu, P developed in 1980, its sensitivity for 

photon comes into the useful range of 1 µGy up to 20 Gy for radiotherapy dosimetry[26]. 

In 1990, researchers at KAERI developed LiF doped with Mg, Cu, Na, and Si [27]. It was 

observed that this phosphor has double sensitivity than LiF dope with Mg, Cu, P [28]. 

After a little modification, in 2000, researchers were able to develop more stable and 

sensitive TLD LiF: Mg, Cu, Na, Si which was widely used in personal dosimetry[29].  

2.4 Applications of Thermoluminescence Dosimeters 

TLDs have been established as a versatile tool for the assessment of ionizing radiation in 

radiotherapy and diagnostic radiology since the discovery of X-ray in 1895 [30]. In 

radiotherapy, high energy radiation is used to kill cancer cells. In this treatment, high 

energy dose is given to cancer area while keeping the dose within acceptable level to 

surrounding normal tissues. Dosimetric system for radiotherapy dosimetry is chosen on 

the basis of good thermoluminescence properties[31]. Tissue equivalent TL dosimeter 

LiF: Mg, Ti to photon radiation is commonly used for radiotherapy[32]. TL dosimeters 

are used to determine the absorbed dose in patients during X- ray diagnostics, as well as 

in phantom measurements[33]. The most important phantom for dose measurement in 

radiation therapy and diagnostic radiology is one which is properly designed to simulate 

human body structure[34]. Radiations used for the diagnostic purposes like X-rays, 

nuclear medicine, CT scans etc. are necessary for radiation protection and optimization of 

image quality purposes[35]. Medical dosimetry has two main purposes; in-vivo and 

phantom dosimetry which determine the treatment plan for cancer patient. Also by in-

vivo or in phantom dosimetry, the accuracy of radiation therapy dosimetry is 
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measured[36]. The accuracy should be less than 5% or much lower in radiotherapy for 

dose determination. For this purpose TLDs are used for measurement in solid slab 

phantom or in anthropomorphic phantom[36]. There are various techniques for absolute 

dosimetry, but TLDs have been widely used because of their simplicity, excellent spatial 

resolution and having the facility to integrate the absorbed dose over a certain period of 

time[37]. TLDs are used in environmental and personal dosimetry. In medicine, tissue 

equivalent TLDs are only used to measure the dose of ionizing radiation delivered to 

patient [38]. 

2.5 Characteristics of Thermoluminescence Dosimeters 

2.5.1 Thermoluminescence Glow Curve 

The characteristics of TL phosphors are studied by the glow curve method[39]. In this 

method, first the phosphor is excited at low temperature by exposure to radiation, then the 

phosphor is heated at constant rate of temperature. If the glow peak of the phosphor lies 

at lower temperature, then the stored TL signal fades. Therefore, it is not used for long 

term dose measurement. An increase in the temperature raises the TL intensity of 

phosphor and the peaks depend on the number of traps. If there is only a single trap of 

particular energy depth in TL phosphor, then there will be a single peak in glow curve. If 

the phosphor have distribution of traps of different depths, then each traps give rise to 

more peaks in a glow curve[40, 41]. In the glow curve of TLD-100, five peaks have been 

observed in 1922-23. Blak and Watanabe studied five peaks i.e. 2, 3, 4, 5and 7. Peak 4 

and peak 5 makes the main glow peak i.e. main dosimetric peak of TLD-100, peak 1 has 
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very small half-life, it completely decays in 30 minutes after irradiation. Due to very low 

intensities, peak 6 and 7 are not visible [42]. 

 

Figure 2.3 Glow curve of TLD-100 [41]. 

2.5.2 Mathematical Description for a TL Peak in Glow Curve 

A physical process in a material as a function of temperature is called TSP. The specific 

property of the material is first perturbed from the stable configuration and then by rising 

temperature it is thermally stimulated back to equilibrium position. 

TL is thermally stimulated relaxations of electrons in semiconductor or insulator[43]. The 

intensity of this emitted light from TL material depends on the temperature and gives an 

idea of radiation dose given to it. A plot of intensity of the emitted light verses 

temperature is the glow curve of that TL material, and glow curve of TL materials 

contain one or more glow peaks. For the glow peak analysis by an empirical method 

parameter i.e. first order of kinetic and second order of kinetic are used. Exact 

representation of a glow peak in a given glow curve of a TL material is based on energy 
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band model. Let E represents the amount of activation energy to liberate a trapped 

charge, and P represents the probability in unit time for an electron released from a trap 

to the conduction band. Then, by Arrhenius equation and assuming that the electrons in 

the traps satisfy Maxwell‟s thermal energies distribution[44]. 

      
[ 

 

  
]
 2.1 

Inversely, life time τ of electron in traps is defined: 

       
[ 

 

  
]
 2.2 

where s is the frequency factor, it depends on the frequency of the number of hitting of an 

electron in trap, T is the absolute temperature of storage, K is the Boltzmann constant. 

In the case n denote the trapped electrons at temperature T, decrease in n with time t is 

given by: 
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Integrating equation (2.3)  
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2.4 

For simplicity, we assume that; 

i. Irradiation of the TL material is at sufficient low temperature so that electrons are 

not escaped from the traps. 

ii. Electrons stay in the conduction band for a very short time 

iii. The luminescence efficiency of the recombination centers in independent of 

temperature. 

iv. If previously trapped electrons are released from their trap are not again trapped. 

Keeping in view the above assumptions, it can be concluded that at a constant 

temperature (T), the thermoluminescent intensity (I) is directly proportional to de- 

trapping rate, 

  ( )      
  

  
     2.5 

where, c is constant, known as radiative efficiency; if all the emitted photons during 

recombination process are detected, then c is unity. 

TL intensity I(t) is directly proportional to the electrons and holes recombination rate. It 

is assumed that photons emitted during each recombination and all photons are 

detected[43, 44]. 

Let, m denotes the concentration of holes trapped, thermoluminescent intensity written 

as: 

  ( )     
  

  
       2.6 
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where, nis the number of electrons in conduction band and A is recombination 

probability. 

The rate of change of concentration of trapped electrons is given by the following 

equation 

  
  

  
       (   )   2.7 

where, N and Arare the concentration of trapped electrons and the probability of 

retrapping, respectively[11]. 

Now the rate of concentration of free electrons is given by  

            (    )           2.9 

To develop an analytical expression for I(t), Chen and McKeever made the following 

assumptions; 
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Electron and holes are always producing in pairs, for charge neutrality n +   = m 

n ≈ m for       

  ( )    [
  

  
]    

  

  
  

Therefore, from equations 2.6 and 2.7,  
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Ran-dall and Wilkins further assumed that during the heating mA>>(N-n) Ar, equation 

2.10 implies that 
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 2.11 

This 1
st
 order differential equation shows the transport of charges in the lattice as a first 

order process [11]. And the resulting glow peaks obtained from this equation are first 

order glow peak. Using equation 2.4, the solution of equation 2.11 is, 
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2.12 

Usually the temperature is a linear function of time, therefore, 

  ( )           2.13 

where  denote the heating rate, T0 is the temperature at t = 0. 

This gives the intensity as a function of temperature 

 
  (   )     

 

 

  

  
    

 

 
 

[ 
 

  
]
    { 

 

 
∫    { 

 

   
}    

 

  

} 2.14 

This is first order expression of a single glow peak, known as Randall- Wilkins first order 

expression. This expression is for a single trap depth, single glow curve and no 

retrapping[11, 43].  

With further assumptions made by Garlick and Gibson that if retrapping dominate, i.e. m 

Am<<(N – n) An also trap is far from saturation i.e. N<< n and n = m, equation 

(2.10)becomes 
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As I(t) is proportional to n
2
, it indicates second order reaction[13, 43, 45]. 
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2.5.3 Linearity and Supra-linearity 

Linearity is defined as the proportionality of TL signal and absorbed dose[46], i.e. 

           

where, QTL represent the thermoluminescence signals from the phosphor, αr is 

proportionality constant, D shows the absorb dose and YTL is defined by 

           

where, m shows mass of the dosimeter and ETL shows the emitted energy as light. 

It is desirable dosimetric property of a dosimeter to have a good linearity. Improper 

selection of TL materials in medical applications leads to large uncertainties in dose 

measurement. For mammography a dosimeter with good energy dependent at low energy 

photon is required. For mailed dosimetry, low fading, for radiotherapy dosimetry, a 

dosimeter with linear dose response is required[47]. Supra-linearity in TL materials refer 

to an effect of not perfect proportionality of TL signal to the absorb dose. In this case, at 

high dose level the response per Gray is higher, i.e.10
3
Gy. It is because, high energy 

exposure creates more traps and thus the material become more sensitive to high dose 

level[23].  

2.5.4 Sensitivity 

It is defined as the TL response by the phosphor per unit of radiation dose absorbed and 

per unit mass of TL material[48]. A sufficiently sensitive TL phosphor measures very 

low and high exposure. TL response is the TL output per unit absorbed dose in the 

phosphor[49]. TL sensitivity depends on kind and concentration of activators, heating 

rate, system of the readout etc. [48].  
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2.5.5 Stability or Fading 

The stability of dose information of any TL materials is important parameter in the 

application to clinical dosimetry. The rate of fading is dependent on storage temperature, 

annealing, radiation etc. [23]. 

Fading is an unintentional loss of TL signal or latent information from TL phosphor with 

time after irradiation[50, 51]. This may lead to underestimation of the absorbed dose. 

When a TL phosphor is exposed to ionizing radiation, the trapped electrons measure of 

the absorbed dose. The unintentional release of these electrons at room temperature is 

called fading. Ideally, a phosphor should not show fading at room temperature; however, 

negligible fading can occur practically[42]. Fading process occurs in three ways. 

1. Thermal fading 

2. Optical fading 

3. Anomalous fading 

Fading is an undesirable characteristics as environmental radiation dosimetry is 

concerned, because in the natural environment the fading stimuli are very difficult to 

control. In thermal fading the electrons in low energy traps escape at room 

temperature[42]. Optical stimulation can also cause fading effect by empting some 

traps[42]. Anomalous fading is very slow than thermal or optical fading[52]. The trapped 

charge tunnels to the recombination site and localized transitions occur, where 

delocalized bands are unimportant[53]. It is very difficult to detect and it is not connected 

with modern TLDs[52]. 



35 
 

2.5.6 Lithium Fluoride and Role of Dopants 

LiF is the common base material for the preparation of thermoluminescence 

dosimeters[54]. Alkali halides haves cubic lattice, strong columbic interaction, large 

binding energy, high melting point, large electronic band gap results a broad range of 

temperature and optical transparency. LiF is an ionic crystal; it has a promising optical 

material due to its specific optical properties. It has a band gap of 13.6 eV and is 

transparent in the 7 µm - 0.11 µm range. Ionizing radiation produces various color 

centers. F2 and F3
+
 color centers play a vital role in optical properties. When an electron 

confines in an anion vacancy, it is called F center, while when two F centers merges with 

one another, F2 center is formed. Similarly, when two electrons bound to three anion 

vacancies, F3 center is formed [55, 56].  

LiF has an intrinsic efficiency of thermoluminescence of 0.04% approximately[57]. 

Under the guidance of Daniel collaboration at the University of Wisconsin, USA, in 1940 

started studies on LiF materials. Due to their poor dosimetric properties, this work 

interrupted between 1956 and 1960. All the credits go to Cameron, who developed an 

idea for the systematic regeneration of LiF and helped the commercial production of LiF: 

Mg, Ti, by Harshaw chemical company, USA. 

Role of dopants in LiF is to enhance the TL sensitivity and changing the structure of glow 

curve for making tissue equivalent TL dosimeters[58]. The most success had been 

achieved by the combination of dopants such as Mg, Ti (LiF: Mg, Ti); Mg, Cu, P (LiF: 

Mg, Cu, P); Mg, Cu, Si (LiF: Mg, Cu, Si); Mg, Cu, Na, Si (LiF: Mg, Cu, Na, Si)[58]. 
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2.6 LiF: Mg, Ti Dosimeter 

LiF: Mg, Ti was considered „workhorse‟ of TL medical dosimetry[59].Dosimetric 

properties of this TL material is closely related to defect structure in this material. LiF 

contains two face centered cubic lattice of Li
+
 and F

-
 which are mutual penetrating. Each 

Li
+
 is surrounded by six F

-
 in the center of cube and each F

-
 ions is surrounded by Li

+
 

ions. Mg
+2

 ions replace Li
+
 ions but for charge neutrality there are excess vacancies of 

Li
+
. Which results in Mg-Livac dipoles, trimers and precipitates. The main dosimetric peak 

5 has been identified due to Mg-Livac trimers. Ti
4+

 substitute Li
+
 in LiF, for charge 

neutrality Mg(OH)m cluster, Ti (OH)n and Ti
4+

(O
-2

)complexes are formed [60]. 

   

Figure 2.4 Defect structure in LiF: Mg, Ti[60]. 

A lot of work has been reported on this Phosphor. First, LiF: Mg, Ti is fabricated with 

100 ppm Mg and 10ppm Ti as dopants in LiF in 1950[61].In 1971, M. J. Roositer et al. 

grown TLD-100 in single crystal and further studied the variation of TL intensity with 
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concentration of titanium. The optimum concentration of titanium was found to be 8 

ppm. In 1982, W. Wachter studied the dependence of Mg
2+

 and Ti
3+

 concentrations on 

TL sensitivity of LiF: Mg, Ti and introduced a new method for the optimization of TL 

efficiency in LiF: Mg, Ti. During their studies, it is found that for the optimization 

hydroxyl complexes is the third important constituent. Mg
2+

 ions which act as electron 

traps for main dosimetric peak 4 and 5 are eliminated by magnesium hydroxyl complexes 

Mg(OH)n[62].Wang et al. observed that LiF: Mg, Ti reaches saturation at 10
3
Gy and 

damage when irradiated with 10
6
Gy of 

60
Co γ-rays[63]. The dose response of LiF: Mg, Ti 

and three samples with different concentration of Ti (0-6ppm) and Mg (80-100ppm) were 

tested. The emission spectra comprised one emission band at 420nm.The sample without 

Ti has also one emission spectra but at 620nm. The remaining two samples have emission 

band at 420nm and 620nm. The intensity of 420nm increased with Ti concentration. The 

dose response is different for peaks at different temperature and emission bands. In LiF: 

Mg, Ti some of the traps and luminescent centers are coupled[64]. In 1995, McKveer and 

his colleagues observed that the highest sensitivity of this material is gained using 

180ppm Mg
2+

 and 10ppm Ti
4+

. It was concluded that TL signal per unit of absorbed dose 

i.e. sensitivity depends on batch of material, annealing procedure and the heating rate. 

LiF: Mg, Ti with sensitivity of 1.00 was standardized[23]. In recent year, J. Azorin et al. 

modified the dopants incorporation method and fabricate LiF: Mg, Ti by molten 

substance method with improved properties in stabilization and linearity. It was 

recognized that the linearity was due to Ti 60ppm concentration and the property of 

stability was due to the fact that the activation energy obtained by deconvolution method 

for LiF: Mg, Ti was greater than the value obtained for TLD-100. Finally, it was also 
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suggested that a good material would be in the dose range from2.5Gy to 50Gy [65]. 

Pooja Seth et al. prepared Mg doped lithium fluoride co-doped with dysprosium different 

concentration by shaped crystal growing also called EFG method. The phosphor prepared 

by this technique had linearity within the dose range of 0.1 to 10Gy, which was suitable 

range in medical application and radiotherapy [66].But the preparation of this phosphor 

by chemical co-precipitation method has not been reported yet. The directionality of 

commercial TLD LiF: Mg, Ti experimentally carried out by Cobalt-60 beam at 5cm 

water depth. Edge-on exposure leads to TL reading 0.9% lower than face-on exposure. It 

was pertinent to find even small error in in-phantom dosimetric measurement for higher 

accuracy[67].  

2.7 PL Dosimeters / OSL Dosimeters 

The modern dosimetric technique is in the developing stages. The OSL / PL for radiation 

dosimetry was suggested in 1955 [68], later on used in 1956 [69]. However, for 

dosimetric applications (personnel and environmental) started in mid 1990s, because of 

non-availability of optical / photo phosphors till Al2O3: C for personal dosimetry [69, 70]. 

The first use as a personal dosimeter was in the late 1990s. The use, in personal, 

environment and medical dosimetry was started in 2004 [68]. It has become popular 

technique for environmental dose determination received by archaeological and 

geological materials in efforts to date these materials [70].  

The main advantage of optical / photo, techniques is that, sample heating is not required, 

so thermal quenching is removed. Read out method is fast, so, rapid analysis of large 

number of samples, high sensitivity in some phosphors has advantages to multiple 
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readings. Optical nature of read out process, allows the use of low-melting point 

dosimeter materials, so the robust dosimeters may be manufactured [71].Better batch 

uniformity, small size, angular dependency and reproducibility are the best characteristics 

of these materials. 

2.7.1 Basic Requirements for OSL / PL Materials 

 Sensitivity: emitted luminescence per unit of absorbed energy (dose) 

 Trapping centers 

 Thermally stable: the material should not effect temperature 

 Optically accessible: must response to optical stimulation 

 Good separation between emission and stimulation 

Dose erasure by optically bleaching i.e. better response to optical annealing (bleaching) 

PLD / OSLD functions the same way as TLD in use and applications, except that 

recombination luminescence is stimulated optically rather than thermally [72]. This 

follows a valence and conduction band model with an energy bandgap Eg. Local defects 

are intentionally produced in these materials which introduce levels in the forbidden 

range that are termed as traps. Upon excitation by the radiations, electrons and hole pairs 

are created, which move to the conduction and valence band, respectively. These electron 

travels in the lattice and can either jump back to the valence band to recombine with the 

hole or move to the energy trap, where it is hard to recombine with the hole. To 

recombine with the hole, electron needs sufficient energy to jump up to the conduction 

band first. This energy to the electron may be in the form of phonons or photons, which 

cause TL or PL, respectively.  
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The density of trapped electrons is usually proportional to the intensity of incident 

radiations, and hence causes these crystals as passive dosimeters. Escaping of electrons 

from a trapping center follows a probabilistic approach which depends on the photons 

flux and trap ionization cross-section Φ [73]. 

      2.16 

The photo-ionization cross-section having stimulation energy(  ) greater than Ei where, 

Eiis the optical threshold for a given trap i and a is a scaling constant that represents a 

function of charge carrier effective mass and is given by equation. 

 (  )   
(   (     )   )

(   (      ) )
 

2.17 

Stability of a trap can be determined by the photo-ionization cross-section when 

stimulated by photons [74].The ionization cross-section depends on the number of defects 

or traps and energy of the stimulating photons. In order to move electrons up to the 

conduction band from a trap center, the incident photons must have energy greater than 

the energy between trap and conduction band [75]. An escaped electron from a trap has 

equal probability to fall back to the trap or recombine with hole in the valence band. By 

assuming that electrons do not fall to the trapping center, the luminescence intensity can 

be described as; 

  

  
      2.18 

The signal decay and trap release eq. is, n = n(t) is quantity of trapped charge in time t, in 

PLD / OSLD.As the trapped electrons are released by the photons flux, an intensity curve 
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is obtained as result of released energy. For a constant value of photons flux and traps 

density, n follows an exponential decay.  

Area under the response curve is directly proportional the radiation dose, which can in 

turn be used for the determination of a given dose. However, in the case of actual 

materials, this simple or ideal model does not work fully and a more complex model is 

required to explain the mechanism. [75]. The PL / OSL phenomena and approach to 

dosimetry; however, is based on the basic principal described above. A simple and 

sufficient explanation of PL / OSL phenomena can be discussed by a number of 

possibilities given in the Figure2.5. 

 

Figure 2.5 PLD / OSLD mechanisms. 

In process 1, electrons and hole pairs are created, and hence move to the conduction and 

valence band, respectively. In the 2
nd

 process, holes in the valence band are free to move 

in the crystal lattice. These holes find an opportunity to combine with the F centers to 
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produce F
+
 center, as indicated one bar in the Figure 2.5. Recombination of holes with F 

centers will raise the F
+
 centers as; 

F + h   F
+
 2.19 

Equation 2.19 shows F
+
 center creation from a hole. Process 3 represents SET with 

shallow energy gap which ease the electron motion to the conduction band [75-

78].Process 4 is called intermediate or dosimetric trap, also called MET, is different from 

shallow traps and this trap level is responsible for both the TL and PL occurrence. The 

peak of TL occurs approximately at 200ºC which would suggest that the main trap level 

is stable at room temperature [79-80]. There is a spectrum of stimulation allowable and 

trap level responsible of the PL / OSL [81].DET is shown in process 5, which are very far 

from the conduction band and hence requires more energy to come to the conduction 

band. However, this stimulation energy is beyond the optical range and give negligible 

stimulation cross-section. These deeply trapped charges can be de-trapped by annealing 

at high temperature 900ºC [75].Since plastic casing that cover the PLD cannot sustain 

such a high temperature. So charges that have fallen into a deep trap are rarely de-trapped 

[63-65].When electron is dropped from the conduction band being stimulated by ionizing 

/ optical radiation recombined with the F
+ 

center and convert it to the excited F* state, as 

shown in process of Figure2.4. 

   + e  F
*
 2.20 

Equation 2.20 shows the   center combination with an electron which form an excited 

F* state. When this state de-excite, it emits a photon in the range 410 10nm with 

FWHM as40 5 nm [79, 82]. 
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F
* 
  F +      2.21 

Excited F* center emission.  

2.7.2 Relative Luminescence Efficiency  

Light emitted by a luminescent dosimeter is proportional to the absorbed dose. As a 

reference, the dose received from a certain radiation is compared with the known dose 

directly from a 
60

Co source. Equation (2.9) shows that how efficiently TL / PL materials 

transform absorb energy into light.  

To determine the luminescence efficiency   of a dosimeter, the ratio of dosimeter 

luminescence (Lf) to the absorbed dose (Df) is calculated by the equation; 

   
  

  
 2.22 

Hence, RLE and the beam quality conversion factor are similar in nature[83, 84]. 

2.8 Aims and Objectives 

All these LiF-based thermoluminescence phosphors, having low energy dependence, 

simple glow curve, linear response in a wide range of radiation dose, low fading, 

reusability, high sensitivity, stability, and tissue equivalence are actively developing due 

to their successful applications in personal dosimetry. Unfortunately, the above 

characteristics are not fully consisting in any phosphors. One phosphor has to 

compromise one or more of them. For example, LiF: Mg, Cu, P known as TLD-700 H is 

very sensitive to radiation but it is also sensitive to heat treatments. LiF: Mg, Ti TLD-100 
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is tissue equivalent but it has poor sensitivity. Consequently, efforts are made either to 

fabricate phosphors with enhanced TL or improve the existing phosphors by using 

different techniques for fabrications or by doping different impurities. 

LiF: Mg, Ti is a cheap and an easy to synthesize TLD by chemical co-precipitation 

method. Sensitivity of a TLD depends on many factors that include ultraviolet exposure, 

heat absorption, impurities, and experimental procedure. In this context, LiF (TLD-100) 

is one of the strongest materials and the most widely used material for radiotherapy 

dosimetry. All these extraordinary properties of LiF (TLD-100) motivate us to prepare of 

Mg, Ti doped LiF and study their applications in radiotherapy and cancer diagnostics 

further co-doped with different concentrations of Dy (LiF: Mg, Dy) and Eu
3+

-doped LiF 

i.e. LiF; Eu
3+

 to study their PL properties as well. 

The major aims of the present studies are as follow; 

1. To fabricate TLD-100(LiF: Mg, Ti) for TL dosimeter and compare with 

commercially available TL dosimeter. 

2. To characterize TLD-100 and perform their phase analysis with XRD. 

3. To fabricate LiF: Mg, Dy and characterize with XRD, FTIR, Raman, PL. 

4. To extend this study in the diagnostic of cancer and radiation dosimetry. 

5. To fabricate LiF: Eu
3+

 and characterize with XRD, FTIR, SEM, TEM, Raman 

spectroscopy and photoluminescence spectroscopy to confirm its PL properties 

6. As LiF: Mg, Dy
3+

 and LiF; Eu
3+

 are universal dosimeters so their TL properties 

will also be investigated. 
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7. To perform in-vivo dosimetry and check the performance of the TLD dosimeters 

in shielded positions and open positions required in radiotherapy treatment 

planning. 

8. To compare the dosimeters measured dose with the treatment planning system 

calculated dose (point doses). 

2.9 Conclusions 

In this chapter, historical development and properties of different TL dosimeters have 

been discussed briefly. The basic principles of TL dosimeters and role of different 

concentration of dopants in these TL dosimeters are discussed. Different methods of 

fabrication of these TL dosimeters and comparison with most facile and cost-effective 

method i.e. chemical co-precipitation are studied. This review chapter is not supposed to 

be comprehensive: it only covers the theoretical and experimental aspects of those 

regimes, which makes core of the analysis to be done in the coming chapters. 
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CHAPTER 3  

EXPERIMENTAL TECHNIQUES 
 

The project work comprises three steps. First step constitutes the fabrication of TLDs and 

PLDs. In the second step, characteristics of the fabricated TLDs / PLDs are checked for 

micro- structural analysis, surface morphology, phase and compositional analysis. In the 

third step, the characterization of the fabricated TLDs / PLDs for dosimetric purposes are 

checked by studying their glow curve, sensitivity, linearity and other dosimetric 

properties. In the fourth step, the commercial and fabricated TLDs will be compared, and 

in-vivo dosimetry is performed using Rando-phantom to verify the TPS calculated point 

doses with TLD detected doses. At last the performance of customized blocks of 

Cerrobend is confirmed using TLDs detected dose, placed under the blocks to confirm 

the shielded organ dose. 

3.1 Introduction 

TLD materials are thermoluminescence phosphors, because they emit visible light after 

excitation. These phosphors are in the form of semiconductor or insulator chips, single 

crystals or microcrystalline powder [1]. Thermoluminescent crystals have the following 

characteristics for radiation dosimetry; a simple glow curve that have a dosimetric peak 

around 200ºC, high sensitivity to a range of radiations, less fading with time, eco-

friendly, linear to a variety of doses, tissue equivalent, and independent of radiation 

energy[2, 3]. Pure crystals have weak TL and therefore are not considered good 

dosimeters. To enhance their TL properties, they are doped with certain impurities, called 

activators[2]. LiF: Mg, Ti (TLD-100) is one of the commercially available TLD 
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phosphors used in diagnostic radiology [4]. TLDs are used for dose determinations in 

industrial and medical applications. LiF: Mg, Ti is commonly used in medical 

applications due to its human tissue equivalence [5]. The accurate measurement of absorb 

dose is performed only when the dosimeter material has the same response as the 

irradiated medium. Consequently, light interact with it in the same way as human tissue 

[6]. Moreover, LiF has 0.04% intrinsic efficiency of thermoluminescence. These 

characteristics make it good candidate for medical dosimetry. The intrinsic efficiency is 

the ratio of light emitted to energy absorbed during gamma irradiation [7].  

3.2 Materials and Instruments 

The precursor materials and laboratory instrumentations used in the experimental part are 

discussed in this section. 

LiCl, NH4F are the precursor materials, while MgCl2, TiO2, Dy2O3 and Eu2O3 are the 

dopants. Magnetic stirrer, centrifuge machine are the instruments used in the experiment. 

3.2.1 Equipment for Heat Treatment 

The equipment for the heat treatments are; 

 Thermo- scientific, 6051Electric oven 

 Nabertherm GmbH, LTH 04/18 Electric furnace 
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3.2.2 Precipitation Method 

A simplistic and convenient method to prepare nanoparticle is chemical co-precipitation 

technique [11]. This method has the advantages of simple process, suitable for doping, 

cost-effective and also the particles have uniformly small size. The precipitants are 

formed slowly and uniformly throughout the solution and luminescence phosphor powder 

with optimal properties are prepared by this method [12]. In precipitation method, 

dopants are always in acidic solution. Solution of precursor reactants is reacting with 

dopants. Solution of two or more water soluble salts of metal are mixed and co-

precipitated with alkali gradually. When the require precipitation is formed, the material 

is centrifuged and washed repetitively. The nanoparticle size and shape is based on the 

nature of precursor, homogeneity and strength of the solution, mixing of the solvents 

order and temperature of the reaction[13]. Single crystals obtained by other methods i.e. 

Czocharalski, chemical vapor deposition, zone melting have many advantages in optics 

and electronic, but not much appropriate in the field of thermoluminescence dosimetry. 

Mostly, chemical precipitation method is used to fabricate thermoluminescence 

dosimeters [2]. Following steps were followed for the synthesis of LiF: Mg, Ti using 

chemical co-precipitation method [2]; 

LiCl(aq)+NH4F(aq)   LiF(ppt)+ NH4Cl [2] 

i. An amount of LiCl (49.992 mol%) dissolved in deionized water. 

ii. Added MgCl2(0.013 mol %) and (0.003 mol %) of TiO2, Dy2O3 and Eu2O3isadded 

and stirred with magnetic stirrer. 

iii. Dissolved NH4F (49.992 mol %) in deionized water at the second step. 
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iv. Then the NH4F solution was mixed with the LiCl solution slowly and stirred 

at500 rev/minute for 2 hours at 90 ºC. 

 

Figure 3.1 LiF: Mg, Ti precipitation. 

 

i. LiF along with its dopants (Mg, Ti, Mg, Dy, and Eu
3+

) were precipitated in this 

process, then the samples were centrifuged and the precipitates were dried at 90 

ºC overnight in oven. 

ii. Finally, the samples were calcined at a constant temperature of 600 ºC and 400ºC 

for 3hours in platinum crucible by the electric furnace.  
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Figure 3.2 Electric furnace for the heat treatment of LiF: Mg, Ti. 

 

Figure 3.3 Preparation of LiF: Mg, Ti nanophosphor. 

3.2.3 Characterization 

Characterization is considered as an important part in experimental synthesis of high 

quality thermoluminescence phosphors. Characterization consists of micro structural 
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analysis, surface morphology, phase and compositional analysis. And the characterization 

techniques are XRD, FE-SEM, TEM, EDS, Infrared spectroscopy, Raman spectroscopy, 

and PL spectroscopy  

3.3 Morphological and Micro Structural Studies 

3.3.1 X-ray Diffraction 

All crystalline substances are built up of periodic arrays of atoms in the form of atomic 

planes. Monochromatic X-ray photons scattered from these periodic planes lead to the 

diffraction effects. Bragg‟s law shows the relation between the wavelengths λ, scattering 

angle , and distance between the planes of atoms d. The Bragg‟s statement in 

mathematical form is, 

            (1) 

where n is an integer which gives diffraction order. Planes spacing d depends on the size 

and distribution of atoms and hence on the structure of the material. Thus, XRD is used to 

identify the phase. The diagrammatical illustration of Bragg‟s law is shown in the 

Figure3.4 

 
Figure 3.4 Schematic diagram of X-ray diffraction. 

 

  









         
d 
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For both quantitative and qualitative phase analysis of different substances in various 

states, a well-established X-ray technique is used. In this technique, the structural 

characteristics of material are obtained by an incident of X-ray beam on the 

crystallographic planes of atoms. By conventional x-ray powder diffraction techniques, 

the individual chemical constituents of complicated mixture cannot easily be found. As 

generally it makes no difference in the X-ray intensities for two equal elements in atomic 

number. AXS solved this problem, through sufficient atomic sensitivity arising from the 

so-called “anomalous dispersion effect‟‟ or through small difference in crystallographic 

structure factor. AXS gives good identification even for two elements of close atomic 

number, for example Ni and Fe etc.[23].Scattering can occur when X-ray photon 

elastically collide with an electron of the absorbing element. Since the collision is elastic, 

the scattered photons have the same energy as incident. These coherent scattered photons 

interfere with each other and this is termed as Rayleigh scattering. It is also possible that 

the incident x-ray photons eject some loosely bound electrons from the material and 

hence lose some energy. In this case, the scattering is incoherent and called Compton 

scattering. XRD is utilized for crystalline materials only. The diffraction pattern shows 

the degree of crystallinity in a material. It shows how much area in the material is 

crystalline. The definite crystalline form of a substance does not depend on the physical 

size. It retains its crystalline form irrespective of the physical size. Therefore, the 

diffraction pattern of a crystal is also unique [24]. A monochromatic beam is made to fall 

on the powder sample mounted on turntable around which a dosimeter moves. The angle 

between incident and diffracted beam depends on the rotation of the sample. By using 

Scherer‟s formula, the diameter of the prepared nanoparticle is determined. The 
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dosimeter detects reflected and diffracted beam of X-ray. The phases of the samples are 

analyzed by using XRD,JEOL- 3532 with Cu Kα (λ = 1.54056 ) operating at 40 KV and 

30 mA. The samples are filled into glass sample holder from 2  = 20
°
 - 90

°
. The crystal 

structure of the sample has been confirmed through XRD. The XRD data is compared 

with relevant PDF data for the identification of phases in the sample. 

3.3.2 Scanning Electron Microscopy 

SEM is used to study the microstructure of sample. It gives information about surface 

morphology, topography, chemical composition, grain boundaries, grain size and their 

orientation[25]. This important optical instrument is used to study bulk specimens[26]. 

For TEM, the specimen is made very thin, otherwise the electrons are scattered or 

absorbed. This limitation of TEM given the incentive to develop SEM [27]. In SEM, 

there are two types of electrons; primary electrons, which are backscattered from the 

specimen and secondary electrons, which are produced from the specimen after 

supplement of energy by primary electrons. The specimen is first irradiated with electron 

beam, and secondary electrons are emitted from the surface. By scanning the surface in 

two dimensions by a probe, the topography of the surface is acquired from the detected 

secondary electrons. It spatial resolution is better than light-optical microscope [27]. 
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Figure 3.5 Schematic diagram of scanning electron microscope. 

3.3.3 X-ray Energy Dispersive Electron Spectrometry 

XEDS is used to identify the phase before XRD analysis. The phases are identified by 

using X-ray energy dispersive spectrometry in SEM microscopy [28]. XEDS analysis 

provide the concentration of elements in the specimens[27].Image gain through 

backscattered electron in SEM shows compositional contrast in a material due to the 

presence of elements of different atomic number Z and their different distribution. EDS 

specify those particular elements and also their relative proportions[29]. 
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JEOL, JSM-5910 SEM operating at 30 kV, with 2.4 nm resolution and equipped with an 

INCA200 EDX dosimeter, Oxford instrument (UK) installed at CRL, University of 

Peshawar was used in this research.  

The interactions of electrons beam with the material and related all phenomena are shown 

in Figure 3.6. 

 

Figure 3.6 Interaction of electrons with sample. 

3.3.4 Fourier Transform Infrared Spectroscopy 

FTIR is employed to determine the qualitative features of different kinds of IR-active 

materials. In this technique, the interaction of applied IR and the vibrational frequencies 

of bonds between atoms of a material give absorption peaks in IR spectrum of the 

material. The IR spectrum is used for identification of unknown materials, quality or 

consistency determination of prepared sample, identification for the amount of 
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components in a mixture. The basic components of FTIR are shown in Figure 3.7. A 

monochromatic focused radiation of certain wavelength is passed into splitter. Half of the 

incident radiation will be reflected to one mirror and half to the other mirror. These two 

beams when returned to splitter after reflection, where they interfere. Further, the half of 

the reflected beam from the fixed mirror is transmitted and half is reflected back to into 

the direction of source. This half reflected beam is detected in FTIR spectroscopy. The 

moving mirror produce an optical path difference between the two arms of interferometer 

for the constructive or destructive interference[30].In a material, atoms are bonded 

together in the form of molecules which vibrate with certain quantized frequencies that 

result in specific vibration spectra. These spectra occur in the range of 400 to 4000 cm
-1

 

of EM spectrum. IR spectrum tells the chemical structure, physical form and 

quantitatively the amount of substance present in a sample[31, 32]. 

 

Figure 3.7 Diagram of an optical interferometer in the FTIR setup. 

 

IR beam

Moving mirror

Fixed mirror

sample

Infrared source
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3.4 Photoluminescence Spectroscopy 

PL spectroscopy is a non-contact and non-destructive technique in which a photon of 

higher energy is absorbed by a crystalline solid and re-emits with less energy of 

electromagnetic spectra. PL spectroscopy works in the UV and visible ranges of 

electromagnetic radiation. It is a two-way process; first electrons are excited from a lower 

energy state to higher energy state during absorption of energy from incident photons. 

Then in the second step the electrons come back to lower energy state by emitting 

photons. The emitted light is termed as PL and it provides different information about the 

photo-excited material. The PL emission spectra of samples were characterized by 

intensity, emission wavelength, bandwidth of the emission peak and emission stability. 

These properties change with condition of environments like temperature and applied 

voltage, which in turn provide more insight into electronic states. Moreover, as the size of 

a material gets lower to nano scale, the PL emission properties will change considerably, 

particularly a size dependent shift in the emission wavelength can be observed. PL 

spectroscopy is used to study the properties of material such as band gap, recombination 

mechanisms and impurity levels [35-37]. 

3.5 Isostatic Cold Pressing 

Isostatic pressing technique was utilized to convert the powered material of TLDs into 

pellets. 324mg of powder was filled upto a thickness of 0.8mm in a cylinder of diameter 

4.5 mm.The cylinder used for isostatic pressing is shown in Figure 3.8. A pressure of 

5.7tonn/cm
2
 was applied to convert the powder into pellets. Density of pellets formed 

was 2.5g/cm
3
[38]. 
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Figure 3.8 Cylindrical dyes for isostatic pressing of pellets. 

In isostatic pressure setup, powder is placed between plates of a specific dye and required 

pressure is exerted to convert powder into pellets [39]. The hydraulic press used is shown 

in Figure 3.9. 

 

Figure 3.9 Hydraulic press for pressure exertion on the pellets. 

3.6 Sintering 

Sintering is the process in which a fully pressed powder is converted into a solid material 

by heating It such that the heating temperature remains well below the melting point of 

the main constituents. During the sintering process, the material remains solid throughout 
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the process. In this work, the pellets formed were afterward sintered at 800ºC for 10hrs in 

tube furnace with temperature rise rate of 2-5ºC/sec[38]. 

3.7 Annealing 

The sintered TLD pellets were annealed at temperature of 400ºC for one hour at 2-5ºC 

/sec and then down the temperature to 100ºC for two hours in the electric furnace[40]. 

For LiF: Eu
3+

 and LiF: Mg, Dy annealing 400ºC for one hour at the rate of 2-5ºC per 

second [41-42]. 

3.8 IG-13 Cs=137 Unit 

The Cesium-137 Irradiator is capable of delivering 662 keV gamma rays with a wide 

range of dose rates, up to 0.2 Sv/h (20 rem/h), and is used for calibration of equipment. 

IG-13 at SSDL PINSTECH was used for the irradiation of TLDs (Figure 3.11). 

 

Figure 3.10 IG-13 setup. 

 



65 
 

3.8.1 Dosimetric Characteristics 

Fabricated TLDs were checked for the following characteristics; 

1. Sensitivity 

2. Linearity 

3. Dose rate dependency 

4. Energy dependency 

5. Angle dependency 

6. Fading 

3.8.2 Comparison with Commercially Fabricated TL Dosimeters 

TLDs were compared with the commercially fabricated TLDs based on response, glow 

curve and MDL.  

3.9 In-Vivo Dosimetry 

In-vivo dosimetry describes exact dose measurement which is delivered to the target 

organ. It is an important process in which the exact determination of the dose is 

confirmed, so as not to overdose or under-dose the target volume as well as protect the 

OARs[43-44]. Dosimeters of different type are used for in-vivo dosimetry such as diodes, 

TLDs, films and EPIDS.  

For the project work commercially fabricated TLDs were used for in-vivo dosimetry to 

measure the doses for various cases designed and are usually practiced in radiotherapy. 

All the selected plans where the use of customized Cerrobend blocks are essential to 
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protect OARs. Later on for these cases the doses recorded by TLDs were compared with 

the point doses generated by eclipse treatment planning system.  

The equipment used for in-vivo dosimetry was Varian linear accelerator, Rando-

phantom, TLDs, Harshaw TLD reader, eclipse treatment planning system. A brief 

introduction to the equipment used is given below. 

3.9.1 CT Stimulator 

Rando-phantom was simulated and scanned. The head andneck fields were scanned with 

a slice thickness of 3mm and pelvic and abdomen were scanned with a slice thickness of 

5mm executed at INOR and planned at IRNUM on TPS and point doses were measured 

and compared.  

3.9.2 Varian C-LINAC 

In-vivo dosimetry was performed at institute of nuclear medicine oncology and 

radiotherapy Abbottabad. The LINAC was used for treatment delivery. The photon 

energies used were of 6 MV and 15 MV.  
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Figure 3.11 Varian C-LINAC setup. 

 

The C-LINAC2100C, as shown in Figure3.12, is the most widely selected medical 

accelerator in the world. The C-LINAC is a high performance work-horse system that 

incorporates a broad range of imaging and state-of-the-art radiotherapy procedures. 

3.9.3 Rando-phantom 

The Rando-phantom was used for the execution of different treatment plans and to 

facilitate the measurement of internal doses using TLDs.  

The Rando-phantom, as shown in Figure 3.13, is an obligatory setup for evaluating a 

treatment plan. It is made of a completely human equivalent material having bone, tissue, 

lungs and gaps equivalency. It is composed of many slices and in each slice there exists 
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holes for the placement of dosimeters for measuring the radiation doses at various 

locations. This constitutes a comprehensive treatment plan for the radiotherapy[45]. 

 

 

Figure 3.12 Rando-phantom setup. 

3.9.4 Block Preparation Styrofoam Cutter 

Cerrobend blocks are widely used in several radiation oncology centers to protect normal 

tissues from radiation exposure. Styrofoam cutter, as shown in Figure 3.13,is used to 

prepare blocks for shielding for the designed fields[46]. Styrofoam is a soft material that 

can be cut in any customized shape with precision. The cutting is an easy and fast process 

which requires less training. The Cerrobend melt is then poured in these blocks which 

solidifies instantly to form a solid block. 



69 
 

 

Figure 3.13   Styrofoam cutter setup. 

3.9.5 The Harshaw TLD Reader 

The Thermo Scientific™ Harshaw™ 4500 TLD Reader was used for estimating the dose 

of TLDs used for various designed cases. 

The Thermo Scientific™ Harshaw™ 4500 TLD Reader, as shown in Figure3.14,is a 

versatile and flexible reader solution for research dosimetry in medical and industrial 

applications. By reading both loose material and mounted dosimeters, the Harshaw 4500 

is a cost-effective solution for facilities utilizing multiple dosimeter formats. The 

Harshaw™ 4500 also offers an ideal affordable manual backup system for dosimetry 

laboratories, as required by different accreditation authorities. The Harshaw 4500 easily 

transitions from a planchet reader to a hot-gas reader capable of reading mounted TLD 

elements in two positions simultaneously. A simple shuttle mechanism enables the reader 

to automatically process a 4 element card, if necessary, to reduce errors in handling and 
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improve productivity. The dual functionality and simple transition from planchet to hot 

gas heating reduces material handling and increases operating efficiency. 

 

 

Figure 3.14 TLD Reader setup. 

3.9.6 Eclipse Treatment Planning System 

ETPS setup is shown in Figure 3.15. It isused for planning various cases and also for the 

point dose measurements.  
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Figure 3.15 Eclipse treatment planning system setup. 

Eclipse treatment planning system is a comprehensive solution that allows to quickly 

customize treatment plans for a wide variety of disease sites with precision and accuracy. 

It can be used for planning a complete range of radiation doses for photon, proton and 

electron energies and specialized treatments like brachytherapy. Eclipse is an open, 

multi-modality planning system providing greater access, control and efficiency. Eclipse 

brings together the multiple steps of the treatment planning process allowing accessing 

virtually all records and dosimetry information from one system. Enhance productivity 

with a powerful suite of intuitive software tools enable to plan faster and with greater 

confidence. 

 In-vivo dosimetry was performed at institute of nuclear medicine oncology and 

radiotherapy Abbottabad. Five cases were planned involving shielding using Cerro band 

blocks. TLDs were placed at different locations and dose was delivered according to the 

plans. 
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Planning was done for the following five cases 

1. Acute lymphoblastic leukemia 

2. Nasopharyngeal carcinoma 

3. Anterior lower neck 

4. Hodgkin‟s disease(mantle field) 

5. Hodgkin‟s disease (inverted Y field) 

CASE 1: Acute Lymphoblastic Leukemia 

Two lateral parallel opposed fields were applied. Customized Cerrobend blocks were 

used to shield orbit, eyes and sinuses. Fabricated TLDs were placed in open as well as in 

shielded areas in order to establish a relation between total dose and shielded organ dose 

in the irradiated region, as shown in Figure 3.16.  

 

 

Figure 3.16 Field arrangement for ALL. 
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CASE 2: Nasopharyngeal Carcinoma 

Three field plans was devised for with two lateral fields for face and neck and one for 

lower anterior neck. Customized blocks were used to shield the vital organs. TLDs were 

placed in open as well as in shielded areas in order to establish a relation between total 

dose and shielded organ dose in the irradiated region, as shown in Figure 3.17. 

 

Figure 3.17 Field arrangement for NPC. 

 

CASE 3: Anterior Lower Neck 

Single anterior field was used for anterior lower neck. Apex of lungs, spine and trachea 

were the organs to be shielded. Customized blocks were prepared for this purpose. TLDs 

were placed at different locations to verify the doses, as shown in Figure 3.18. 
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Figure 3.18 Field arrangement for anterior lower neck. 

 

CASE 4: Hodgkin’s disease (Mantle Field) 

Two fields technique one from the anterior and one from the posterior were used to treat 

the disease. Customized blocks were used to shield both lungs. TLDs were placed at 

different sites in order to verify doses, as shown in Figure 3.19. 

 

Figure 3.19 Field arrangement for mantle field. 
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CASE 5: Hodgkin’s disease Inverted Y field 

The plan was prepared for Hodgkin‟s disease in order to irradiate the inguinal and pelvic 

nodes. Customized blocks were used to shield bladder and kidneys. TLDs were placed in 

open as well as shielded areas to confirm the blocked dose and dose in the open areas and 

to formulate a relationship between the doses, as shown in Figure 3.20. 

 

Figure 3.20 Field arrangement for inverted Y. 
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CHAPTER 4  

RESULTS AND DISCUSSION 
 

4.1 Metals and Rare-Earth Doped Dosimeters 

The chemical co-precipitation method is realized as a cost-effective and simple method 

for doping LiF with Mg and Ti as well as LiF co-doped with Mg and Dy
3+

and LiF: 

Eu
3+

as efficient activators. The shape and size of the particle are easily controlled through 

this method [1]. It is noteworthy that very less work on photoluminescence properties of 

lithium fluoride doped with rare-earth ion is carried out. Dy
3+

(Dy2O3)and Eu
3+ 

(Eu2O3) 

impurities and enhance the TL efficiency and decrease the fading effect of the phosphor 

LiF: Mg, Dy [2]. These dosimeters are fabricated with the above mentioned technique, 

and their structural and optical properties are being discussed in this chapter. To find the 

phases of these nanophosphors, we used X-Ray diffraction technique. To study the 

surface morphology and elemental analysis, SEM, FE-SEM and EDX are employed. The 

luminescence properties of the prepared samples are studied by photoluminescence 

emission spectra. 

4.2 Phase Analysis 

4.2.1 LiF: Mg, Ti 

Figure 4.1 shows the X-ray diffraction patterns of fine powder of LiF: Mg, Ti calcined at 

400 ºC and 600 ºC for 3 hours. All peaks are indexed and matched with standard JCPDS 

card No. 45-1460, which confirmed that single phase cubic LiF has been achieved. The 

peaks are found around 38.78°, 45°, 65.5,.78. 88 °and83.06°. 
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Figure 4.1 X-ray diffraction patterns of LiF: Mg, Ti powder calcined(a) at 400 ºC, (b) at 

600 ºC and (c)standard JCPDC card. 

 

Moreover, the average crystallite size D is estimated by using Scherer‟s equation;  

   
  

       
 (4.1) 

where, k= 0.9 is a constant, λ is the wavelength of Cu kα radiation i.e. 0.154056 nm, θ is 

the Bragg angle of the X-ray diffraction peak and β represents diffracted FWHM (in 

radian) caused by the crystallites. For a sample calcined at temperature 400 ºC and 600ºC, 

the average crystallite size increases with calcination temperature. The crystallite size at 

400 ºC and 600ºC is calculated by FWHM of the maximum peak. The FWHM values at 
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400ºC and 600ºC are approximately 0.34284, 0.9237. And the crystallite sizes are 23 nm 

and 30 nm. As the calcination temperature increases, the peaks get sharpen, crystallinity 

is developed due to decrease of lattice distortion density,which is in good agreement with 

reported article[3]. The crystal inters planar spacing d (nm) and lattice constant a (nm) of 

LiF: Mg, Ti, are calculated by Bragg‟s law of diffraction;  

           (4.2) 

The d200value for the maximum diffraction peak of this sample is 0.2013 nm and lattice 

constant (a) is found to be 0.403 nm, which are in good agreement with the reported 

values[2]. By doping Mg and Ti with concentration i.e. Mg 0.013 mol%, Ti 0.003 mol%, 

the lattice of LiF is not significantly changed. No extra peaks appear, since the ionic 

radius of LiF is much larger than titanium and magnesium as well as the concentration of 

dopants is very less. 

4.2.2 LiF: Mg, Dy 

Figure 4.2 shows the X-ray diffraction patterns of fine powder of LiF: Mg, Dy calcined at 

600 ºC for 3 hours. All peaks are indexed and matched with standard JCPDS card No. 45-

1460, indicating the existence of the single phase of cubic LiF. Diffraction peaks 

appeared from the crystal lattice planes (111), (220), (200), (311) and (222) around 

38.714°, 44.99°, 65.49°, 78. 84°and 82. 95°. 
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Figure 4.2 X-ray diffraction patterns of LiF: Mg, Dy nanopowder calcined at 600 ºC and 

standard JCPDS. 

 

By doping Mg and Dy
3+

 with concentrations i.e. Mg 0.013 mol% and Dy
3+

 0.003 mol%, 

the lattice of LiF is not distorted. Because, the ionic radius of LiF is much larger than Mg 

and Dy and the dopant concentrations are very small. The crystal inter-planar spacing d 

(nm) and lattice constant a (nm) of LiF: Mg, Dy are calculated by Bragg‟s law of 

diffraction. The d200value for the maximum diffraction peak of this sample is found to be 

0.2013 nm and the lattice constant a is 0.403nm. The crystallite size is  30 nm, as 

calculated by the Scherer‟s equation. 
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4.2.3 LiF: Eu 

Figure 4.3 shows XRD patterns of Eu
3+

-doped LiF nanoparticles treated at 400ºC and 

600ºC. Each peak can be easily indexed to the pure cubic LiF phase with the space group 

Fm-3m (225) according to the standard card (PDF#04-857). By using the Scherer‟s 

equation, the crystallite size is calculated which is 49 nm and 42 nm at 400ºC and 600ºC, 

respectively. The peak obtained at 400ºCis sharper than the peak at 600ºC. These results 

suggest that high temperature has not good effects on the crystallinity of LiF. These 

results are consistent with the PL results, as discussed in section 4.5. 

 

Figure 4.3 X-ray diffraction patterns of LiF: Eu
3+

nanopowdercalcined at 400ºC and 

600ºC. 

  



85 
 

4.3 Morphological Analysis 

4.3.1 LiF: Mg; Ti 

A typical scanning electron micrograph of LiF: Mg; Ti nanophosphor is shown in Figure 

4.4 (a). SEM images illustrate that LiF with0.013 mol% Mg and 0.003 mol %Ti is 

composed of small grains with an average size of   1 µm, as shown inFigure 4.4 (b).The 

FE-SEM images of the LiF phosphors co-doped with the same composition of Mg and 

Ti, shows that this sample consists of nearly cubical shaped particles. Dopants do not 

alter the morphology of the final phosphor product. Furthermore, the EDX analysis of the 

same composition confirmed the presence of Mg and Ti elements in the host LiF 

material, as shown in Figure 4.4(c). 
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Figure 4.4 (a) SEM and (b) FE-SEM micrographs (c) EDX spectrum of LiF: Mg, Ti 

cubic crystalline nano clusters at 600 ºC. 

  

(a) (b)
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4.3.2 LiF: Mg; Dy 

A typical scanning electron micrograph of LiF: Mg, Dy nanophosphor is shown in Figure 

4.5 (a). SEM images illustrate that LiF: Mg (0.013 mol %), Dy (0.003 mol %) is 

composed of small particles with an average size of   1µm. The EDX analysis of 0.013 

mol% Mg, 0.003 mol% Dy
3+

 co-doped LiF phosphor confirmed the presence of Mg and 

Dy elements in the host LiF, as shown in Figure 4.5 (b). 

 

Figure 4.5 (a) SEM micrograph of LiF: Mg, Dy calcined at 600 °C and (b) EDX 

elemental analysis of LiF: Mg, Dy. 

4.3.3 LiF: Eu 

Figure4.6 shows the SEM micrographs of Eu
3+

-doped LiF phosphor particles heat treated 

at 400°C (Figure 4.6a) and 600°C (Figure 4.6b). Doping with Eu
3+

 has almost no effect 

on the structural and morphological properties of the final particles and pure LiF particles 

are similar in both images. Both images show almost cubical morphology with size 

ranges from 3to 5μm. 

(a)
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Figure 4.6 SEM images of LiF:Eu
3+

calcined at (a)400°C(b)600°C 

4.4 Fourier Transforms Infrared Spectra 

4.4.1 LiF: Mg, Ti 

The Fourier transform infrared spectra of LiF: Mg, Ti phosphor are recorded in order to 

investigate different molecular species and functional groups present in the phosphor, as 

reported in Figure 4.7. The peak at 3444 cm
-1

 is due to O-H stretch, which may be 

attributed to the metal hydroxide such as Mg(OH)2. The sharp absorbance band which 

appeared at 1425 cm
-1

 is assigned to the bending vibrations of NH2 in ammonium ions 

[3]. The absorbance bands appeared at 990 cm
-1

 and 890 cm
-1

may be assigned to the 

stretching vibrations of Li-O and Mg-O, respectively, which indicates the presence of 

metals oxides [4]. 
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Figure 4.7 FTIR spectrum of LiF: Mg, Ti calcined at 600°C for 3 hours. 

4.4.2 LiF: Mg, Dy 

The FTIR spectra of LiF: Mg, Dy nanophosphor are recorded in order to investigate 

different molecular linkages present in the prepared sample, as shown in Figure 4.8. The 

absorbance band at 3750 cm
-1

may be assigned to the stretching vibrations of hydroxyl 

group (–O–H) of the metal hydroxide such as Mg(OH)2. The small absorbance bands 

around 1980 cm
-1

 to 2360 cm
-1

are assigned to stretching vibrations of dysprosium oxides 

in which oxygen is attached with Dy
3+

 cations. The sharp absorbance band appeared at 

1425 cm
-1

is assigned to the bending vibrations of NH2 in ammonium ions which 

gradually disappears as the concentration of Dy is increased, indicating that at lower 

concentration of Dy some ammonium ions are also trapped in the prepared sample. The 



90 
 

absorbance bands appear at 990 cm
-1

 and 890 cm
-1

are assigned to the stretching 

vibrations of Li-O and Mg-O, respectively, indicating the presence of metals oxides [4]. 

 

Figure 4.8 FTIR spectrum of LiF: Mg, Dy sample calcinated at 600 °C for 3 hours. 

4.4.3 LiF: Eu 

Figure 4.9 shows the FTIR pattern of Eu
3+

-doped LiF over the range 400-4000cm
-

1
calcined at 400°C and 600°C, for the confirmation of purity of the prepared samples. 

The absorption band at about3610cm
-1

 may be assigned to the stretching vibrations of O-

H group, which may be attributed to the metal hydroxide. The small absorbance bands 

with many overlapping peaks around 1980 cm
-1

 to 2360 cm
-1

are assigned to the 

stretching vibrations of europium oxides in which oxygen is attached with Eu
3+

 cations. 
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The peak at about 650cm
-1

 may correspond to the characteristic metal oxide (Eu-O) 

stretching vibrations [5-7]. 

 

Figure 4.9 FTIR spectrum of LiF:Eu
3+

calcined at 400°C and 600°C. 

4.5 Photoluminescence Spectra 

4.5.1 LiF: Mg, Ti 

The photoluminescence emission spectrum of LiF: Mg, Ti, is shown in Figure 4.10.An 

emission band is observed in the violet-indigo-blue region (420-480 nm) after excitation 

at 234 nm. The peak within 420-480 nm corresponds to the transition z
4
D

o
7/2 a

2
D2/3[10-

11]. 
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Figure 4.10 PL emission spectrum of LiF: Mg, Ti calcined at 600 °C for 3 hours. 

4.5.2 LiF: Mg, Dy 

PL emission spectra of LiF powder are recorded through an excitation wavelength of 457 

nm using a fluorescence spectrophotometer. The excitation wavelength of 457 nm is 

chosen due to the most prominent excitation transition in our case from      
  to 

     
 (blue light) [8]. The emission spectra of LiF: Mg, Dy with different concentrations 

of Dy
3+

 are obtained in the range 600-750 nm, as reported in Figure4.11. All the spectra 

contain an intense emission at 687 nm (     
       

 ) as red-light emission. Previous 

studies reported that this red emission intensity of Dy
3+

-based nanophosphors is 

considered moderate and is due to the electric dipole transition [9]. The excitation at 457 
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nm excites the Dy
3+

 ions to      
 , which then undergoes a quick non-radiative decay to 

a meta-stable state     
  due to the small energy gap between the two levels. It is 

observed that the luminescence intensity depends on the concentration of Dy
3+

 ions. A 

proportional increase occurs as the concentration of Dy
3+

 ions increases from 0.08 to 0.5 

mol%. However, at higher concentrations above 1 mol%, quenching of the luminescent 

intensity has been observed [8,9]. As the emission band lies in red color wavelength 

region; therefore, this nanophosphor is considered more stable than the red phosphors 

used in LEDs [9,10]. The inset in Figure4.11 reports the PL intensity of the same 

nanophosphors excited at slightly higher wavelength i.e. λex = 457 nm. The emission 

peak shifts to 701 nm, which corresponds to the transition     
      

 . However, the 

luminescence intensity decreases by one-third compared to the transition     
  

     
 .     
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Figure 4.11   PL emission spectra (λex = 457 nm) of LiF: Mg, Dy with different 

concentrations of Dy calcined at 600 °C for 3 hours. The inset shows the emission 

spectrum at λex = 467 nm. 

4.5.3 LiF: Eu 

Figure 4.12 represents the PL spectra of Eu
3+

-doped LiF phosphor calcined at 400°C and 

600°C under 265nm excitation source. It can be observed that the spectrum consists of 

different characteristic transitions of Eu
3+5

D0 
7
F0(580nm), 

5
D1 

7
F1(592nm),

 5
D0- 

(610nm), and 
5
D0 

7
F3(628nm) with the peak corresponding to 

5
D0-

7
F2(610nm) transition 

has maximum intensity[5, 6]. By increasing the calcination temperature, the emission 

intensity decreases significantly in the sample calcined at 600°C. These results are 
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identical to the XRD results. These results indicate that the TL material has successfully 

converted to PL materials by doping with Eu
3+ 

[6, 7].
 

 

 

Figure 4.12 PL emission spectra of LiF:Eu
3+

nanophosphor. 

4.6 Thermoluminescence Properties 

Lithium fluoride co-doped with Mg and Ti in the form of solid pellets is a promising 

material for dosimetric applications. It is a tissue equivalent material having less 

background dose level and highly resistant to environmental conditions [12].   

LiF: Mg, Ti , LiF: Mg, Dy and LiF: Eu are fabricated in the form of solid pellets with a 

diameter of 4.5 mm, thickness 0.8mm, pressure 529MPa and density 2.45 g/cm
3 

by cold 
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pressing technique at MRL[13], University of Peshawar. The dosimetric properties of the 

fabricated dosimeters are discussed below. 

4.6.1 Glow Curve of LiF: Mg, Ti 

TL characteristic of a phosphor can be studied by its glow curve. Glow curve is a plot of 

intensity(nC/nA) versus time/temperature. The glow curve shown in Figure 4.13 

represents the intensity on the vertical axis and heating rate, i.e. time(sec) on the 

horizontal axis. The pre-heat time is 5 sec, and pre-heat temperature is 100°C.The 

acquisition time is 13 sec and temperature is 300°Cin13 sec at a heating rate of 25°C/sec 

upto 300°Cand 5 sec as annealing time at 300°C.The glow curve of LiF: Mg, Ti shows 5 

peaks at various temperatures. The main dosimetric peaks are peak 4 and peak 5 at 

temperatures of 250 °C and 280°C.The distribution of peaks corresponds to various 

depths and each depth corresponds to a separate peak in the glow curve. It shows the LiF: 

Mg, Ti dosimeters having 5 depths and each give rise to a separate peak. Vertical axes are 

the intensity of the emitted TL signals, which are directly proportional to the output 

current from photomultiplier. The horizontal axis shows time which is proportional to the 

temperature. The shape and number of peaks are in agreement with the established 

literature, as shown in Figure 4.13(a).The glow curve of the standard and fabricated TLD 

shows the main dosimetric peaks 4 and 5 at 250 °C and 290 °C, respectively[14]. Also, 

the deconvoluted glow peaks, represents the individual integral share to the total integral 

and to the total area under the curve. The total area under the curve shows the total charge 

accumulated during the read out, as shown in Figure 4.13(b). The area and peak height of 

each glow peak depend on the number of electrons present in the associated traps prior to 

the read out. 
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Figure 4.13 (a) Fabricated TLD glow curve (b) Deconvoluted fits of fabricated LiF: Mg, Ti. 

4.6.2 The Glow Curve of LiF: Mg, Dy 

The glow curve of dosimeter LiF: Mg, Dy consists of a single peak that lies between 

120°C and 200 °C, as shown in Figure 4.14.Thisclosely agrees with the reported glow 

curve of such type of dosimeters [12]. The resulting TL increase shows that it consists of 

only one trap depth. With an increase in the temperature, peak height reaches maximum 

intensity. As the trap begins to empty, all the trapped electrons are released. A single 

peak dosimeter is an ideal dosimeter for dose measurements with negligible fading 

because of exhibiting a single trap [15]. 
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Figure 4.14 (a) Response of Mg and Dy co-doped LiF to a dose of 1Sv. 

4.6.3 Glow Curve of LiF: Eu 

The glow curve LiF: Eu is shown in the Figure 4.15 (a).It consists of three peaks, in 

which the first peak is at 90°C, second is at 182°C, and the third peak is at 250°C.In this 

dosimeter, the dosimetric peak appears from 180-240°C, while the lower temperature 

peak (satellite peak) disappears when pre-heat temperature is selected at 100°C.The third 

peak disappears by furnace annealing. In Figure4.15 (b), the deconvoluted peaks show 

the individual contribution to the total area under the curve which corresponds to the total 

charge accumulated during the readout. 
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Figure 4.15 (a) Glow curve of LiF: Eu
3+

(b)Deconvoluted glow curve shows three peaks 

individually. 

4.7 Sensitivity 

Sensitivity is the response of the dosimeter to a minimum and maximum dose. In this 

scenario, the dosimeters are exposed to a range of doses and their responses are recorded. 

4.7.1 LiF: Mg, Ti 

The fabricated TLD(LiF: Mg, Ti) responded to a dose of 10 mSv at the minimum and 

upto 10 Sv at the maximum. However, the maximum response can be checkedupto 50 

Sv.It is found that the sensitivity of the fabricated TLDs is less than that of commercial 

ones. As the fabricated TLDs are supposed to be poly-crystalline, while the commercial 

TLDs are single crystal without any self-absorption of TL signal. Therefore, high dose 

can damage commercial TLDs while fabricated TLDs can respond very well to high 

doses without any loss of sensitivity. 
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4.7.2 LiF: Mg, Dy 

These dosimeters responded very well to a minimum dose of 40 mSv and a maximum 

dose up to 10 Sv detected. It is clear from the response of 10 Sv dose, that it can measure 

a dose of 100 Sv and above without loss of sensitivity. Therefore, the areas of interest for 

such type of dosimeters are high radiation areas. These areas include nuclear installations, 

nuclear reactors, QC/QA of IMRT, Radio surgery, and total body irradiation dose 

measurements. 

4.7.3 LiF: Eu 

LiF: Eu dosimeters responded well to a minimum 100 mSv and up to 10 Sv checked. The 

measured response indicates that the it will also response to 100 Sv dose and above. Such 

type of dosimeters can be used in extremity dosimetry. For example, it can be mainly 

used in IMRT dose verification as a quality control and quality assurance of the dose. 

Furthermore, these dosimeters can detect a dose in the range of 0.04 Gy to kGy, and 

hence find applications in high radiation zones. 

4.8 Linearity 

Linearity refers to the proportionality of TL signal response to the absorbed dose. Good 

linearity is the most desirable dosimetric properties of TL dosimeters. All the fabricated 

detectors responded linearly and presented in the following section. 
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4.8.1 LiF: Mg, Ti 

These dosimeters gave a linear response in low dose (10,20,40 mSv), medium dose 

(100,200,400 mSv), and high dose (100,1000,10000 mSv), as shown in Figure4.16. 

These fabricated dosimeters are well-suited for dosimetry at various levels i.e. low, 

medium, and high radiation zones. This indicates that these dosimeters are equally 

applicable in various radiation areas of interest. For examples, these areas range from 

personal, therapeutic, IMRT, IGRT, radio-surgery, and nuclear installations. 

Figure 4.16 (a) Glow curve as a function of increase in dose (b) Linearity of LiF: Mg, Ti. 

4.8.2 LiF: Mg, Dy 

These dosimeters also behaved very well in response to the applied dose. The linear 

response is produced when dose of 100, 200, 400, 480 and 1000 mSv are applied to the 

dosimeters (Figure 4.17a). The glow curves, dose response and the linear fit of the dose is 

shown in the Figure 4.17 (b).The difference in glow peak temperature shows that there is 

only one single peak with different depths. The trap depth depends on the annealing 

temperature, annealing time, and sintering conditions (environment). 
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Figure 4.17 (a) Glow curve as a function of increase in dose of the LiF: Mg, Dy 

nanophosphors. (b) Linearity fit of the dose response. 

As the main objective of the fabricated dosimeters i.e. LiF: Eu
3+

and LiF: Mg, Dy, is to be 

usedas PL dosimeters or optical stimulated dosimeters. The reported PL characteristics 

indicated that these dosimeters own PL emission. But these dosimeters have TL 

properties as well, which means that these dosimeters are universal dosimeters. This 

strengthen their universal dosimetric applications. Therefore, we focused only on LiF: 

Mg, Ti (TLD-100) fabricated dosimeter to further characterize it for dosimetric purposes 

as per requirements of clinical in-vivo dosimetry in radiotherapy quality control and 

quality assurance, as mostly applied globally. 

4.8.3 LiF: Eu 

Figure 4.18(a) shows glow curves of LiF: Eu in the dose range from 100 mSv to 10000 

mSv. These dosimeters gave a linear response to a dose range from 100 mSv to 10000 

mSv, as shown in the Figure4.18(b). These dosimeters are not suitable for personal 

dosimetry, as the lower threshold value is 10 times higher than the threshold limit for 
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personnel dose. Therefore, therapeutic doses and other high dose regions are the fields of 

interest for these dosimeters. 

 

Figure 4.18 (a) Dose response of LiF: Eu
3+

 in the dose range 100-10000 mSv(b)Linear fit 

of thedose response. 

4.9 Dose Rate Dependency of fabricated LiF: Mg, Ti 

To work out the dose rate dependency of a dosimeter, the dose is kept constant and the 

dose rate is varied by increasing and decreasing the distance of the source from the 

dosimeter. For this purpose, dose of 40 mSv is kept constant and distance of the 

dosimeter is varied as 50,100, and 150 cm. The recorded response is presented in Table 

4.1 and Figure 4.19. The response shows that the dosimeters are dose dependent and not 

dose rate dependent which is a very good characteristic of best dosimeters. Furthermore, 

the standard deviation among the average response is calculated to be 1.719, which 

proves to be an excellent response. 
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Table 4:1   Response of the dosimeter to a 40 mSv dose at various distances. 

 

 

 

 

 

 

 

 

 

 

Figure 4.19   Flat response of fabricated TLD-100. 

  

Distance (cm) Average 

Response 

(nC) 

50 618.2 

100 617.2 

150 614.85 
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4.10 Energy Dependency 

The dosimeters are irradiated at a dose of 1Gy by Co-60 and LINAC with energies 6MV, 

15MV, 9MeV, 6MeV, 4MeV and Cs-137.Normalized average response of the dosimeters 

is presented in the Table 4.2 and Figure 4.20. 

Table 4:2 Normalized average response of the dosimeters at various energies of photons 

and electrons. 

 

 

 

 

 

  

Energy Normalized average response(nC) 

C0-60 1.00 

Cs-137 0.968 

4 MeV 1.0409 

6 Mev 0.96716 

9 Mev 1.0232 

6 MV 1.029 

15 MV 1.0333 
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Figure 4.20 Flat response of dosimeters to different energies of photons and electrons. 

 

The figure shows that the variation of response with change in energy is not very 

significant. This further proves our claim that the fabricated dosimeters can be used for a 

wide energy range [16].The standard deviation of different energies to the Co-60 is 

0.03082 and variance is 0.0095. This further proves that the fabricated dosimeters can be 

used for lower and high energies equally in therapeutic range and above. 

4.11 Angle Dependency of the Dosimeters 

The dosimeters are distributed in 8 batches; each batch consisted of 3 dosimeters. Each 

batch is irradiated with a dose of 1 Gy by 
60

Co at angles starting from 0
°
 to 360

°
, which 

changes with an interval of 45
°
. The average response of each batch in corresponding 

position is reported in the Table 4.3 and Figure 4.21. The graph of the table shows the 
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behavior of the dosimeters in their corresponding positions (angle). The graph behaves 

like “W” which is the required typical behavior of a good dosimeter. The response shows 

a standard deviation of 2.532988 confirms that the dosimeters can record information / 

dose in any orientation with negligible errors. 

Table 4:3   Angle dependency of dosimeters irradiated at 1 Gy at 0° to 360°with an 

interval of 45°. 

 

Angle 

(degrees) 

Response 

(cGy) 

0 100.9 

45 95.7 

90 94.7 

135 99.0 

180 100.0 

225 99.52 

270 95.28 

315 100.125 

360 102.06 
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Figure 4.21   Angle dependency of dosimeters irradiated at 1 Gy from 0° to 360°with an 

interval of 45°. 

4.11 Fading 

Loss of information/ intensity of the dosimeters is noted to be very negligible, as 

recorded after 24 and 108hours of irradiation. Table 4.4 shows the average response of 5 

groups of dosimeters after exposure. The value of intensity in nC. after 24 hours and 108 

hours of irradiation is presented, respectively. The maximum value of fading is 0.4% and 

the maximum value is 2.7% in various groups. 
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Table 4:4   Fading response of the TLD-100 after 24 and 108 hours of irradiation. 

 

 

4.12 Comparison of Fabricated and Commercial Dosimeters 

The two types of the dosimeters are compared by exposing to the same amount of dose in 

succession 12 cGy, 100cGy and 1000 cGy and the results are shown in the Table 4.5 and 

Figure 4.22.The fabricated dosimeters are less sensitive as compared to the commercial 

dosimeters. The minimum detected dose using fabricated dosimeters is 10 mGy while the 

maximum dose measured is 10 Gy. The fabricated gave a very appreciable response 

when exposed to higher doses. The residual dose after first readout is negligible. At low 

doses the sensitivity is less than 1:8, while at middle dose the ratio is 1:9. At higher doses 

the ratio increases to 1:15, as shown in the Table 4.5. 

Groups Average 

response(nC) 

24 hrs 

Average 

response(nC) 

108 hrs 

Fading  

(%) 

1 3567 3463 2.7 

2 4325 4270 1.27 

3 3541 3510 0.8 

4 3008 2991 0.5 

5 2231 2222 0.4 
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Table 4:5   The response of commercial and fabricated dosimeters. 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 Glow curve of the fabricated and commercially available standard LiF: Md, 

Ti (TLD-100) exposed to a dose of 1 Gy and 10 Gy. 

 

Average dose 

(cGy) 

Response of 

fabricated 

(nC) 

Response of 

commercial 

(nC) 

Ratio 

12 1326 10880 8 

100 5159 48761 9.5 

1000 43820 654575 14.9 
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The two glow curves resemble and gave dosimetric peaks at around 290 °C. The 

observed difference between the two TLDs is their intensities. Fabricated TLD-100 is 

exposed to a dose of 10 Gy and the intensity is recorded as 20000 nA. While in the case 

of commercial TLDs an intensity of 13000 nA is recorded after an exposure to a dose of 

1 Gy. This shows sensitivity difference only; and therefore, a different calibration factor 

will be applied for the same readout. 

4.13 In-Vivo Dosimetry; Dosimeters Doses vs Eclipse Calculated Point Doses 

The current research work has been extended to measure the doses exercised in 

radiotherapy using commercial dosimeters. More than 90 dosimeters are used for the 

current studies. Dosimeters are divided into three batches of 45, 23, and 22 dosimeters, 

respectively. The standard deviation of group1 is 0.54, group2 is 0.73 and group 3 

is1.160209.Each group has its own calibration factor. The calibration factor is determined 

by exposing each group to a known dose, and the response is recorded. The response in 

nC and the dose in mGy gave the calibration factor of whole group; thereby determining 

the unknown dose by multiplying the calibration factor to the response. The plan, as 

mentioned in the previous chapter, is divided into 5 phases (cases). Their results are 

presented in the respective phases, as follows; 

4.13.1 Case1. Acute Lymphoblastic Leukemia 

The results of dosimeters and Eclipse point doses are presented in the Table 4.6. Fully 

shielded and partially shielded response is realized with the help of customized 

Cerrobend blocks. 
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Table 4:6 Average dose response of the dosimeter and Eclipse in Acute Lymphoblastic 

Leukemia. 

Position of 

dosimeters 

Average response of 

the dosimeter 

Average response of 

Eclipse point dose 

Standard 

deviation 

Open 196.5 191 3.89 

Shielding 20 20 0 

Partially shielding 166.5 173 4.59 

 

4.13.2 Case 2. Nasopharyngeal Carcinoma 

The results of this plan are presented in the following table by exposing the dosimeters 

inside the Rando-phantom in different positions and different slices under the customized 

Cerrobend blocks and in open positions and their response and the eclipse point doses 

response are given in Table 4.7. 

Table 4:7 Average dose response of the dosimeter and Eclipse in Nasopharyngeal 

Carcinoma. 

Position of 

Dosimeters 

Average response of 

the dosimeter 

Average response of 

Eclipse point dose 

Standard deviation 

Open 180.5 174.5 4.42 

Shielding 12 15 2.12 

Partially open 41 40 0.707 
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4.13.3 Case 3: Ant Lower Neck 

In this case, we shielded spine, trachea and apex of lungs by using the customized 

Cerrobend blocks. The open region doses are investigated and compared with the Eclipse 

point doses. The comparison is presented in Table 4.8. 

Table 4:8 Average dose response of the dosimeter and Eclipse in Ant Lower Neck. 

Position of 

Dosimeters 

Average response of 

the dosimeter 

Average response 

of Eclipse point 

dose 

Calculated 

Absorbed dose 

Standard 

deviation 

Open3.5 cm 

depth 
189.5 179.8 183.6 4.62 

Shielding 17.5 20  1.77 

Partially 

open 
0 0  0 

4.13.4 Case 4. Hodgkin’s Disease (Mantle Field) 

In this case, the dosimeters are exposed in the phantom according to the plan. Response 

of the dosimeters in the open and shielded regions are recorded. Specific regions are 

shielded with our customized Cerrobend blocks. Comparative analysis is reported in the 

Table 4.9. 
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Table 4:9 Average dose response of the dosimeter and Eclipse in Hodgkin‟s 

disease(mantle field). 

Position of 

Dosimeters 

Average response of 

the dosimeter 

Average response of 

Eclipse point dose 

Standard deviation 

Open  188.66 195.66 4.91 

Shielding 16.0 20.5 3.18 

Partially open 0 0 0 

 

4.13.5 Case5. Hodgkin’s Diseases (Inverted Y field) 

In this case, the position of dosimeters is fixed as per plan. These dosimeters areexposed 

in the phantom to a dose of 2 Gy and the response of the dosimeters is noted. The 

observed response is compared with the eclipse calculated doses, as shown in the table 

4.10.Customized Cerrobend blocks are employed for the full and partial shielding of the 

OAR and specific regions. 

Table 4:10 Average dose response of the dosimeter and Eclipse in Hodgkin‟s diseases 

(inverted Y field). 

Position of 

Dosimeters 

Average response of 

the dosimeter 

Average response of 

Eclipse point dose 

Standard deviation 

Open  193.2 194.4 0.85 

Shielding 16.0 21.25 3.68 

Partially open 118.3 111.3 4.95 
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The aim is to determine errors in the measured and expected radiation doses that exceeds 

over5% [17]. With the presumption that the expected dose can be calculated from the 

prescribed dose for a given tumor [18].Open field radiation dose measurements are 

recorded by placing the dosimeters inside the mid of phantom with precision of 0.5427, 

0.72458 and 1.160 for each batch. The TL dosimetric system allows an uncertainty 

around ±5% in an individual dose measurement, and therefore, the action level can be 

recommended for dosimetric applications [19-20]. 
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CHAPTER 5  

CONCLUSIONS 
 

In this work, we have successfully fabricated mono-crystalline cubes of LiF doped with 

Mg, Ti, Dy
3+

 and Eu
3+

 by simple chemical co-precipitation method. Three types of 

dosimeters were synthesized i.e. LiF doped with Mg, Ti (called TLD-100), LiF doped 

with Mg, Dy
3+

and LiF doped with Mg, Eu
3+

. Detailed structural and morphological 

studies were performed with the help of XRD, SEM, EDX, and FTIR. Two types of 

dosimeters i.e. LiF: Dy and LiF: Eu were studied for conversion from TL to PL dosimeter 

with the help of PL spectroscopy. All the TL characteristics were carried out for these 

dosimeters and were found in excellent agreement to the established literature. Finally, an 

in-vivo dosimetry was performed in 5 common radiotherapy treatment sights with OAR 

shielded with customized Cerrobend blocks. 

XRD phase analysis of LiF: Mg, Ti indicated the existence of single phase of cubic LiF. 

Samples calcined at 400 ºC and 600 ºC for 3 hours showed that crystallite sizes are  23 

nm and 30 nm, respectively; which indicated that an increase in the calcination 

temperature increases the crystallinity. While the crystallite size in the case of LiF: Mg, 

Dy
3+

 is  30 nm and in the case of LiF:Eu
3+

 is 42 nm. SEM of these nanophosphors 

revealed that doping with Dy
3+

and Eu
3+

 has almost no effect on the structure and 

morphology of the particles, while the particles were found to be cubic shaped with an 

average size of   1µm.FTIR spectra revealed the presence of hydroxyl group (–O–H) of 

the metal hydroxide which acts as trap centers and stretching vibrations of rare-earth 
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cations (Dy
3+

 and Eu
3+

) which acted as luminescence centers and hence converted TL to 

PL dosimeters. 

PL spectra of the two dosimeters (LiF: Mg, Dy
3+

 and LiF:Eu
3+

) confirmed red light 

emission at   690 nm for Dy
3+

and at  610 nm for Eu
3+

. It was observed that an increase 

in the rare-earth cations concentration increased the luminescence intensity, while higher 

concentrations above 1 mol% caused quenching of the luminescent intensity. 

Furthermore, an increase in the calcination temperature caused a significance decrease in 

the emission intensity.TL properties were studied from the glow curves, dose sensitivity, 

dose linearity response, dose fading, dose rate dependency, angle dependency, and 

energy dependency. 

All the TLDs were found to be used for extremity and therapeutic doses. These TLDs 

were found to be universal due to both TL and PL properties as well as suitable for high 

dose detection in the range of 0.01Gy to 10Gy.LiF: Mg, Ti (TLD-100) gave a linear 

response in the dose range 12mGy – 10Gy. The fabricated dosimeter‟s sensitivity 

remained constant, while the commercial TLD‟s lost its sensitivity when exposed to a 

dose of 10 Gy. Furthermore, LiF: Mg, Dy, dosimeters have a single dosimetric peak in 

the range 120 °C -200 °C, which indicates the best dosimetric response. From the glow 

curve studies, 5 dosimetric peaks could be identified for TLD-100-Ti with the major peak 

(4) and (5) located between 240ºC and 290ºC, respectively. Residual dose for fabricated 

TLD was found to be approximately 3% after a single read out. 

The number of annealing depends on the dose level received by the dosimeter. For the 

other two fabricated TLDs / PLDs, a single main peak was found for LiF: Mg, Dy and 
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three peaks for LiF: Eu
3+

between 120
°
-180

°
. The satellite peaks were found to be 

eliminated at around 100 °C pre-heat temperature. The main dosimetric peak responded 

to a temperature of 180 °C – 220 °C. The TTP was reduced to 240°C for LiF: Mg, Dy, 

which gave a very good machine annealing with minimum residual peak. This made the 

Dy-based TLD as the best dosimeter. 

A linearity response is observed for small, medium and large doses with coefficient of 

determinationR
2
for linearity > 0.99. The sensitivity of fabricated LiF: Mg, Ti, was 7 

times less than that of commercial one for medium doses. In statistical terms, no 

considerable fading was observed in the short duration of 24 to 108 hours. All the other 

dosimetric characteristics i.e. dose rate dependency, angle dependency, and energy 

dependency were carried out, which were in good agreement with the established 

standards. In-vivo dosimetry was performed using Rando-phantom in 5 common 

radiotherapy treatment sights having OAR. The use of customized Cerrobend blocks for 

the protection of OAR showed that the blocks transmission factor is less than 5 % near 

the surface, but as depth increased, the factor also increased up to a maximum of 10%. 

This indicates the contribution from back scatter and side scatter adds up to the dose. 
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FUTURE RECOMMENDATIONS 
 

a) It is suggested that the project may be continued to fabricate the dosimeters on 

commercial basis on national level as well as on international level. 

b) The intense demand for such dosimeters in many applied fields shows that these 

dosimeters are the need of the day. This will not only broaden the dosimetric 

range but also innovate radiation dosimetry. 

c) The Pakistan Atomic Energy Commission (PAEC)imports such dosimeters, this 

research is not only a step toward to saving Forex but also will ensure personnel 

dosimeters for employees working in various radiation fields. 

d) There is potential for valuable research on the conversion from TL to PL 

dosimeters and establishing their protocols.  


