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Abstract 

 

Dosimetric properties of radiation sensitive materials have long been of interest for 

applications such as retrospective and accidental dose indicators. Their dose storage 

capabilities can also be exploited in radiotherapy. Dose verification is required to ensure that 

the planned treatment dose is accurately delivered. The dose deposition during quality 

assurance or treatment plans verification in radiotherapy is measured using point detectors, 

located in phantoms, and film dosimeters. A 3D dosimeter could enable the measurement of 

a dose distribution with a high resolution. 

A concept for a reusable 3D dosimeter, based on detection and localization of optical 

signal emitted from an irradiated 3D crystal upon laser stimulation has been developed in this 

work. 

Several transparent optical window materials (NaCl, BK7, ZnS cleartran, borosilicate 

glass, SiO2, IR SiO2, fused silica, ZnSe, MgO, CaF2, ZnS FLIR, AlON, BaF2, MgF2, 

MgAl2O4, Al2O3) were tested for their thermoluminescence response to photon irradiation. 

NaCl was shown to have the desirable properties of a dosimeter and further properties 

essential for its application in clinical radiotherapy were characterised.  

Dose response of the optically stimulated luminescence (OSL) from grained NaCl 

showed high sensitivity, repeatability and near linear dose response, with variations in dose 

sensitivity between samples.  

An optical setup was designed in order to perform 2D imaging of radiation dose 

deposition. 10 Gy from a superficial x-ray generator was applied to a NaCl crystal in two 

patterns – uniform and a strip. Optical stimulation was provided using a 100 mW, 488 nm 

laser, and the emitted signal, characteristic to OSL, was detected in compliance with the 

deposited dose distribution, with optical signal detected only from the irradiated volume. 
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The behavior of large NaCl crystal under exposure to ionizing radiation was examined 

in more detail using optical stimulation from a 475 nm, nominal 25 mW laser for doses in the 

range of 1 – 15 Gy, showing repeatable, near linear dose response of all crystals. Calibration 

factors were derived to correct for discrepancies between crystals. 

Efficiency of various stimulation wavelengths was tested for their capability of removal 

of radiative traps in a crystal. The high efficiency of wavelengths <550 nm,  and almost 

negligible trap removal by wavelength >700 nm propose the potential application of two 

methods for 3D dose measurements: by stimulation of OSL using short wavelength or by 

shining the crystal with long wavelength and collection of the photons, scattered from the dose 

dependent colour centres. 

Imaging of localised dose deposition based on detection of photons scattered from the 

colour centres during illumination of the crystal with 852 nm laser (rather than OSL 

stimulation with 475 nm laser) showed linear dose dependence but requires some fine tuning 

of the optical setup to improve SNR and accuracy. 

Imaging of localised dose deposition combined with scanning of the detector in the 

vertical direction and at different depths of the sensor could potentially provide the third 

dimension with continuous dosimetric data.  
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Chapter 1 

 

Introduction to clinical radiotherapy and dose 

verification methods 

 

1. Introduction to clinical radiotherapy and dose verification methods 

 Innovations in radiotherapy techniques are resulting in an increased dose delivery to the 

target tissue, while minimizing the exposure to organs at risk. Precise and reliable dose 

verification techniques are required to ensure that the dose is accurately delivered. 

This work aims to characterise a dosimetric method, suitable for three-dimensional dose 

deposition measurement for use in radiotherapy quality assurance and treatment plan 

verification. In this introductory chapter, radiotherapy methods and their quality assurance 

limitations will be discussed. Dosimetric techniques, used in radiotherapy and the physical 

principles behind them, will be covered as well. 

Cancer is a general name of a group of diseases. The common line between these 

diseases is that the normal cell division and growth processes are obstructed due to genetic 

changes. The DNA (Deoxyribonucleic acid), a molecule holding the coded instructions for 

building all the proteins in the body, is subject to mutations during cell division. These 

constantly occurring lesions are detected and repaired during various biological mechanisms. 

However, in certain conditions, the damage is not repaired and is accumulated, which can lead 

the cell to become abnormal or cancerous. The appearance of abnormal cells interferes in the 

whole life cycle of the other cells that build the tissue – new cells are created when they are 
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not required, divide without control and some of them grow into tumors. In addition, in normal 

conditions, a cell performs its function in an organism for a certain period and dies. Cancerous 

cells can deactivate the process responsible for a controlled and planned cell death (apoptosis) 

therefore contributing to the creation of tumors [1]. 

The probability to develop cancer seems to increase substantially over the years. 

However, the rising incidence of cancer can be mainly attributed to the aging factor. This 

argument is reasonable, as unrepaired mutations in DNA code accumulate over time and 

increase the chance of the cell to become cancerous [2]. Other parameters that have impact on 

the cancer statistics are improved diagnostic techniques and their increased availability to the 

majority of the population.   

Cancer may be treated with various techniques. Most common techniques include 

radiotherapy, chemotherapy and surgical removal. Immunotherapy, hormone and targeted 

therapies are also available as well as participation in clinical trials [3].  

 

1.1 Radiotherapy  

Radiation therapy is a localised treatment technique that uses ionizing radiation (such 

as x-rays, gamma rays, electron beams or protons) to kill or disable the activity of cancerous 

cells. Cancer cells are more sensitive to radiation than the surrounding healthy tissue due to 

their rapid cell division, impeded repair mechanisms and abnormal structure. Highly energetic 

ionizing particles or photons are aimed at the treatment volume. Once they cause ionization 

in the medium, the released cascade of electrons and other charged particles can either directly 

interact with living cells via their DNA molecules, or indirectly by interaction with water 

molecules in the medium, creating free radicals that then damage the DNA. In both cases, the 

DNA molecule is locally damaged and if there are many interactions like this, in particular 

double strand DNA breaks, the DNA cannot be repaired, which leads to cell death [4]. Cell 

death on the local scale leads to reduction of cancerous volume on a macro-scale. 
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Radiotherapy can be used alone as a monotherapy or in combination with other 

techniques (such as chemotherapy or surgery), in order to achieve better efficiency of the 

overall treatment. It is used not only for cancer treatment, but also as a palliative or symptom 

control treatment, when complete cure is not an option. Radiation treatment can be applied 

internally when a radiation source is swallowed, injected or surgically introduced into the 

body, near the location of the tumour, or externally. In external radiation treatment, one or 

more radiation beams are aimed at the cancerous cells from different directions, in order to 

concentrate the destructive radiation on the tumour and spare it from the surrounding healthy 

tissue as much as possible.  

 The choice of treatment is dependent on numerous factors, such as: type of cancer and 

tumour location; stage of its progress; patient’s oncologic and other medical history. 

 

1.1.1 Internal radiotherapy 

Internal radiotherapy (nuclear medicine and brachytherapy) relates to radiation 

treatment methods that involve the introduction of a radioactive substrate inside the body of 

the patient, directly or in proximity of the area to be treated. Internal radiotherapy methods 

can be used in conjunction with external beam methods. 

A common internal treatment modality is the unsealed source radionuclide therapy, 

where short-range (typically β- emitters) radioactive source with half-life of days to weeks is 

swallowed by the patient or administered intravenously. Prior to administration of the 

radionuclide, it can be attached to a chemical compound, forming a radiopharmaceutical. The 

unique composition of the radiopharmaceutical leads to preferential intake of the compound 

by target organ or tissue and accumulation of the radioactive sources in the area that requires 

the treatment. This method is used in therapy of certain types of cancer (such as malignant 

cysts and neuroendocrine tumors) as well as palliative treatment (metastases in bones, 

hematological disorders) and other medical conditions such as hyperthyroidism [5]. Nuclear 
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medicine is also used in diagnostic imaging, but with photon or positron emitting 

radionuclides with half-life of minutes to hours.  

Brachytherapy is another method where the radioactive substance is applied internally, 

but the radionuclide remains encapsulated after its localization close to, or at the target tissue 

in the patient, allowing much higher doses to be delivered straight to the tumour. Most of the 

radiation sources emit photons, however, β or neutron emitters are also used [6]. The 

radionuclides are introduced using applicators, specialised for specific areas. Dose can be 

delivered with high, low or very low dose rate (HDR, LDR and vLDR respectively). 

Brachytherapy can be used as a standalone treatment (monotherapy), or in combination with 

other treatment modalities such as external beam radiotherapy (EBRT), in order to deliver a 

boost of very high dose to the tumour after the treatment. It is also used after surgical tumour 

removal, or with chemotherapy [7]. Recently, introduction of image-guided brachytherapy 

has become possible for more accurate placement, but the use of this modality has declined 

since the introduction of intensity modulated radiotherapy (IMRT, see details below) and 

stereotactic radiotherapy (SRT) however it has not been completely replaced as it provides 

better survival rates in certain cases [7].  

 

1.1.2 External beam radiotherapy  

External beam radiotherapy (EBRT) features non-invasive methods of radiation 

delivery. Previously, two-dimensional (2D) methods were used. Development of advanced 

diagnostic imaging techniques as well as increase of computer applications and processing 

capabilities during the past few decades has allowed the development of advanced treatment 

planning tools [8], [9]. Availability of imaging techniques and virtual plan simulations in three 

dimensions, allowed the development and implementation of modalities such as three-

dimensional conformal radiotherapy (3D CRT) and intensity modulated radiotherapy (IMRT). 

However, low dose deposition to healthy tissue, together with effective control and treatment 
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of the tumour volume, has always been the goal of radiotherapy, long before the gradual 

advances in this field and introduction of the more complex modalities.  

In past times, 3D treatments were delivered one field at a time. Intensity modulation of 

each beam was achieved by custom-made physical compensators, used to attenuate the beam 

and control the fluence that reaches the patient. The compensators were manufactured for 

every gantry position and located in the beam for each treatment [10]. 

Innovations in radiotherapy techniques allowed an increased dose delivery to the 

unhealthy target tissue area, while minimizing the exposure to the organs at risk. 

Technological advancements in dose delivery methods allow the creation of more complex 

conformal treatment plans, that are capable of treating smaller volumes.  

 

1.1.2.1 Three-dimensional Conformal Radiotherapy (3D CRT) 

In modern 3D CRT, the precision of dose shaping is achieved by utilizing computer 

controlled multi-leaf collimators (MLC) in the radiation beam of a linear accelerator. MLC’s 

are made of a high density alloy to attenuate photons. They are moved automatically and 

independently of each other, to conform to the geometrical shape of the target, while partially 

blocking the beam, so various irregular shapes can be achieved.  The MLC’s are located above 

the area to be protected from radiation (healthy tissue) and the opening between MLC pairs 

allows radiation to hit the exposed tissue (target volume). This method allows application of 

higher doses of radiation to the tumour, while reducing the radiation that reaches the 

surrounding tissues (although some leakage of radiation between the leaves (inter-leaf and 

abutted leakage), as well as transmission leakage (intra-leaf leakage) should be considered in 

treatment plan calculations [11]). Conventional beam modifiers, such as wedges may be used 

as well, as intensity modulators [10]. A schematic visualization of the idea of MLC’s and field 

shaping is shown in Figure 1, with radiation beam coming from the viewer’s direction: 
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Figure 1 Simplified target shape imitation by multi-leaf collimators. The leaf configuration 
would change for every treatment angle, allowing accurate three-dimensional irradiation of 
target volume, with blockage of radiation above healthy surrounding tissues. 
 

Treatment planning of 3D CRT procedures usually involve forward planning, where 

target volume and its surroundings are defined, as well as input of the number, direction, and 

shape of the beams, by the planner. The treatment planning system (TPS) calculates the 

number of monitor units that would satisfy the prescribed requirements, and the expected dose 

distribution in the treatment volume. The 3D CRT is a treatment method with a well-

established software that has been widely used in clinical practice [8].  

 

1.1.2.2 Intensity modulated radiotherapy (IMRT) 

Intensity modulated radiotherapy, including types of arc therapies, can be referred to as 

an advanced form of 3D CRT. In addition to dose conformity, that was made possible by 

utilizing multi-leaf collimators, in IMRT technique, the beam intensities are also controlled 

across the radiation field, providing a beam of non-uniform intensity. In addition to the 

geometrical field shaping in the case of a dynamic conformal treatment, the non-uniform 

beams are produced by MLC’s continuous motion during treatment delivery, to conform to 

the treatment volume surface, facing the beam.  

MLC pair

Target volume Healthy tissue
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A simplified visualization of beam intensity modulation, describing two steps in this 

multi-step process, is shown in Figure 2. At the beginning (Figure 2a) a portion of the beam 

is blocked by the MLC, and only part of the beam deposits dose to the target. At the next step 

(Figure 2b), MLC moves aside and allows more exposure to radiation of the same pixel. The 

projection on target shows the amount of dose, deposited in each of these two steps, as well 

as the total modified beam intensity.   

 

Figure 2 2D representation of beam profile shaping with MLC, to achieve intensity modulation: 
a) beam, partially blocked with MLC b) unblocked beam; c) projection on target, as a result of 
beam intensity modification described by a) and b). 

 

Each voxel on the treatment volume surface is irradiated with a beam with non-uniform 

profile of spatially modulated intensity. The beam properties are planned individually for the 

specific voxel according to the local depth of the area to be treated and healthy tissues that are 

located on the way of the beam. This approach enables application of even higher doses to 

tumour cells while keeping the damage to surrounding tissues below control limits [12].  

There are two methods of IMRT delivery: MLC based IMRT (step & shoot or dynamic). 

In a step & shoot method, the fields are designed by MLC positions, and the dose is delivered 

by small fields with uniform intensity, when MLC’s are stationary. In the dynamic mode, 

temporal movement of MLC’s, during dose delivery, shapes the field and alters the beam 

Projection on target + =

MLC

Radiation beam

a) b)

c)
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fluence. This method divides a treatment field to multiple segments, with different dose 

weightings in the same field. 

Treatment planning of IMRT procedures use inverse planning. With consideration of 

the prescribed dose to the target volume, dose limits to organs at risk and after complex 

calculations, the TPS runs several iterations and creates plans for the individual beams. This 

is based on dose requirements and limitations pre-defined by the planner. The professional 

staff choose the optimal personalised treatment plan for the patient [13]. This method requires 

powerful computers and software, capable of complex calculations in reasonable time, that 

were made widely available in recent years. 

The output of TPS calculations includes parameters that are required for beam shaping 

and dose deposition to match the target volume (including safety margins) as closely as 

possible. Such parameters include: number of beams, their gantry and collimator position, 

MLCs position and weight of each beam, as well as wedge filters if required, that allow the 

treatment to conform with the PTV. Concentration of multiple beams on the target allows high 

dose delivery to the tumour and low dose to the surrounding tissue. Treatment planning 

methods for IMRT available in everyday practice can create plans with accurate descriptions 

of beams, required in order to achieve the prescribed dose distribution. 

The ability to achieve high conformity to treatment volumes in three dimensions 

allowed the treatment of cancers in areas that were very hard to treat previously due to the 

proximity of the tumors to critical organs, such as in the case of head and neck cancers [8], 

but the small, irregular and sometimes asymmetric subfields add to the complexity of this 

treatment modality, requiring much more stringent QA than the 3D CRT modality [14].  
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1.2  Quality assurance (QA), treatment planning and plan verification in external beam 

radiotherapy systems  

Quality assurance of radiotherapy equipment is required in several occasions. It must be 

performed to any equipment used for dose delivery to a patient during commissioning, to 

verify its compliance to treatment plan, prior to actual use with patients [15]. This is done 

when equipment is installed on site and during periodic tests. In the case of patient treatments, 

certain complex plans require a patient specific plan evaluation since many parameters must 

be considered as they all add to the complexity of actual dose delivery, such as mechanical 

limitations of the system as well as leaf leakage and leaf movement [14].  

In conventional treatment methods, patient specific plan verifications are usually not 

performed, as the low complexity of plan parameters and prior commissioning and routine 

QA procedures are relied upon as assurance for accurate delivery.  

The improvements of the treatment plans, and the use of IMRT, have resulted in steeper 

dose gradients and advanced dose verification techniques incorporating high resolution 

detectors are required to verify doses in these areas. The aim of dose detectors in the treatment 

verification is to make sure that the dose to target and surrounding tissues matches to the 

prescribed dose within pre-defined limits. Complex patient specific treatment plans  are 

evaluated by delivery to a phantom material prior to treating the patient [16], [17]. 

Measurements made on the phantom are then compared to the values calculated by the TPS 

by mapping the planned fields and portal images. 

Spatial dose distribution must be within pre-defined control limits, established by the 

clinical community [18], considering any uncertainties in the dose calculation and delivery. 

Dose and beam parameter verification is performed by incorporation of dose detection devices 

– dosimeters. 

Presently, the prevailing methods of pre-treatment verification dosimetry employ one-

dimensional dosimeters, such as thermoluminescent dosimeters (TLDs), ion chambers and 
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diodes, embedded in specific locations in phantoms, 2D dosimeters – arrays of detectors [19] 

or radiosensitive films.  

The main characteristics of ideal dosimeters and dosimetric materials, suitable for dose 

estimation and relevant for clinical radiotherapy are [6]: 

• High dose sensitivity in the therapeutic range 

• Energy independence in wide energy range, as used in radiotherapy.  

• Fading – signal stability along storage period, in various ambient conditions 

(temperature, light, humidity etc) 

• Directional independence 

• Accuracy, precision  

• Linear dose response in the therapeutic dose range 

• Dose rate independence 

• Tissue equivalence. 

Not all ideal properties are present in all dosimeters. Frequently, corrections must be 

applied to the dosimeter reading in order to estimate the dose. Since dosimeters are calibrated 

for specific beam quality, corrections will apply for beams of energy different from calibration 

conditions. Ideally, dosimeters should be chosen with linear dose dependence in the 

therapeutic range. When used in non-linear range, inherent to several dosimeters, the reading 

should also be corrected. Dose rate dependence should be corrected as well. Radiation 

absorption varies in different materials as a function of beam energy and the atomic number 

of the material. This leads to the requirement to correct the dose for tissue non-equivalence of 

dosimeters. Corrections introduce uncertainties into the dose calculations. Therefore, the 

optimal situation would be using the detector that would give accurate results with as few 

corrections as possible. Other parameters include directional dependence and readout 

convenience, that introduce mechanical complexity to the process, and spatial resolution, that 

is required in order to achieve good dose distribution information within the irradiated volume. 
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The compromise is made according to specific application and one property may be prioritised 

over another.  

 

1.2.1 One-dimensional dosimeters  

Point dosimeters allow dose distribution verification at individual points. One-

dimensional dosimeters are used for validation of computerised treatment planning by 

embedding them in phantoms of tissue equivalent material. After the treatment plan is applied 

to the phantom with point dosimeters, the signal from each dosimeter is collected and dose is 

evaluated and compared to the planned dose. Point dosimeters, that are widely used in 

radiotherapy practice are ion chambers, diodes and TL dosimeters. These dosimeters provide 

dosimetric information in specific points, and their resolution is limited by their size. 

 

Ion chambers     

An ion chamber is a device comprising a compartment with volume of 0.1 – 1 cm3, 

normally filled with air or gas as the radiation-sensitive substance, that is encapsulated by 

three electrodes: polarizing, measuring and guard electrode [6]. Smaller sized ion chambers 

have also been evaluated [20]. Incident radiation induces ionization of the gas molecules 

within the sensitive volume. A potential difference is applied between electrodes and the 

ionization creates a current in the chamber. The current or the total collected charge, 

proportional to the radiation absorbed by the gas volume is measured and then correlated to 

applied dose.  

Ion chambers are a standard dosimeter of choice in photon radiation therapy, that is used 

both for beam calibration and absolute dose measurements of treatment plans [20], [21]. 

However, due to finite size of ion chambers, dose averaging may occur, for example when it 

is partially irradiated. Larger dosimeters (0.6 – 1 cm3) are usually used in conventional 

radiotherapy, however in IMRT smaller devices are desirable, to avoid dose averaging and 
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underestimation as a result of segmentation of the field to smaller subfields (beamlets). 

Reduction of chamber size impairs the sensitivity of the dosimeter. Leakage is also more 

prominent in small dosimeters, leading to higher uncertainty in readout and more stringent 

correction requirement. To minimise the dose averaging effect in the chamber volume and 

dose underestimation, care should be taken when placing the dosimeter, so the dose is as 

uniform as possible across the chamber [21].  

 

Diode dosimeters 

Another type of point dosimeter is semiconductor-based diode dosimeter, incorporating 

p-doped silicon. Radiation induces electron-hole pairs creation [6]. Application of an inbuilt 

electric field drifts the charges in opposite directions, which creates an electrical current 

proportional to absorbed energy. 

The high sensitivity of these dosimeters allows construction of small-sized devices and 

are a good choice for small field dosimetry [21]. They also provide high signal stability. Their 

disadvantages are temperature and dose rate dependence, as well as directional and energy 

dependence.  

 

Thermoluminescence and Optically Stimulated Luminescence dosimeters 

Certain crystalline materials have the property of storing energy, absorbed as a result of 

irradiation, by trapping electrons in metastable trapping centres. The stored energy is 

proportional to applied dose and can be released by thermal or optical stimulation of the 

crystal. Thermally and optically stimulated dosimeters (TLDs and OSLDs respectively) are 

made of materials that take advantage of energy storage capabilities of these materials in order 

to measure the applied dose. The mechanism behind energy storage and release will be 

explained in more details in subsequent sections.  

TLD’s can be of very small size and can take the form of chips or powder [22], and are 

widely used for personal dosimetry. They can be used for small field dose measurements, due 
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to their high dose sensitivity and small size. Dose response non-linearity is possible; therefore, 

it needs to be evaluated prior to use. Energy dependence limits the use of these dosimeters to 

specific beam energies, depending on their material [21]. In a study that examined absolute 

dose verification in IMRT quality assurance by TLDs versus ion chambers of various volume 

it was shown that ion chambers had more accurate results, than TLDs [19]. Due to these 

limitations as well as time consuming readout process, these dosimeters are used in 

radiotherapy when the phantom geometry does not allow insertion of ion chambers such as in 

multiple anthropomorphic phantom dose measurements [21], or when in-vivo dosimetry is 

required and the TLD can be conveniently placed on the patient skin.  TLD’s also have 

limitation precluding their application in imaging dosimetry, as it is technically challenging 

to scan large areas with high resolution using heat [23]. 

OSL is a popular method for dose measurements from natural crystals in geological and 

archaeological dating. Point OSL dosimeters have been in use in personal radiation dosimetry, 

[24]. They can potentially be used for in-vivo dosimetry in radiotherapy when coupled to 

optical fibre, with good results of sensitivity, dose and dose rate dependence. High dose 

sensitivity allows manufacturing of small detectors [25].  

The behavior of LiF:Mg,Ti TL dosimeter and Al2O3:C OSL dosimeter were evaluated 

in a PMMA plastic for IMRT quality assurance with several doses, delivered by 6 MV photon 

beams [26]. The dosimeters were placed in a PMMA phantom in 2 cavities that imitate the 

tumour and 3 cavities that imitate organs at risk. Comparison of evaluated doses with doses 

from the planning system showed that TL dosimeters were in good agreement with the TPS 

but OSL dosimeters underestimated the doses and would require further investigation in order 

to be used as point dosimeters in IMRT QA processes. 
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1.2.2 Two-dimensional dosimeters 

 More complete dose information is required when the treatment is delivered using 

IMRT, because the beam is not only shaped with MLCs. The intensity modulation achieved 

by temporal movement of the MLC’s leads to complex and non-uniform dose distribution. 

This requires tools with dose verification capabilities other than local dose detection, provided 

by 1D dosimeters. Adding another dimension is required. In present practice, radiochromic 

and radiographic films, and 2D array detectors consisting of ion chambers or diodes, are 

commercially used for two-dimensional radiotherapy plan verification [21].  

 

 Radiographic and radiochromic films 

 Film dosimetry is an integrating dosimetry, commonly used for periodic QA as well as 

treatment plan verification of external radiation beams in complex treatment modalities, 

providing superior spatial resolution [27] [28]. They provide a stable image  and accurate 

relative and absolute dose distribution in 2D.  The narrow dimension of the films helps to 

avoid perturbations in charged particles equilibrium, that would require additional corrections. 

Being a continuous substrate, they provide great spatial resolution, but the read-out process is 

time consuming. Resolution depends on the type of scanner (its aperture size), used for the 

read-out [21]. To acquire 3D images, it was shown that extrapolation of measured data from 

layered radiographic films (Kodak XV-2) is in agreement with calculated doses (within 2%) 

after ion chamber based correction for depth dose [29]. In another work, radiochromic film-

stack dosimeters were shown to be in agreement of 5% with TLD’s [30].  

 Radiographic films provide a convenient tool for relative measurement of spatial dose 

distribution upon irradiation. They use silver halide crystals (AgH) emulsion, deposited on a 

transparent film base. Chemical reaction to incident irradiation leads to changes in the crystals 

that can be fixated in place after film development. This process permanently changes the 

optical density (OD) of the film. The OD change (darkening) of the film is proportional to the 

delivered dose [15]. Variation in emulsion composition between batches of films and within 
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the same batch/film, sensitivity to irradiation and processing conditions and scanning 

procedure, air pockets between film and phantom all add uncertainties to the measured results 

[31], [15] and hence films do not provide accurate data as absolute dosimeters. These films 

need to be used in combination with other methods, such as point dosimeters described above, 

for absolute dose verification [32]. The high atomic number of Silver (Z = 45) and Bromide 

(Z = 35) in the emulsion, in contrast to low Z of water and tissue, leads to variations of film 

dose dependence, and corresponding dose to tissue. It contributes to energy dependence as 

well, with strong absorption of radiation below 150 keV [15]. The use of films for measuring 

dose, deposited by electron beams, is straightforward. However, due to the high energy 

dependence of the films, photon beam dosimetry is more complicated, since the energy 

spectrum of photons is strongly dependent on depth in phantom and field size [27]. 

 Films do not cause major perturbations to charged particle equilibrium. However, the 

measured parameter, the optical density, is energy dependent. Another factor that adds 

complexity is that the development of radiographic film is a complex multi-step process. It 

comprises several steps, including chemical and wet processing, making it challenging to get 

reproducible results: developing, fixing, washing, drying. Such a process is time consuming 

and each step can lead to errors and dose reading variations. In addition, processing conditions, 

such as temperature during development, can alter the OD of the film. This requires tight and 

consistent environmental limitations during film processing. These films come in various 

sizes, with radiation sensitivity in the range of mGy – Gy (depending on film type, they are 

recommended to be used up to 100 or 500 cGy [21]). Optical density of radiographic film can 

be read by a variety of densitometers, which makes the use of this film more available on one 

hand, but can lead to large variation in sensitometric curves, which must be calibrated to give 

an accurate dose assessment.  

 Radiochromic films are tissue equivalent films, made of a thin layer of radiosensitive 

leuco dye on, or between, a thin polyester base(s). Irradiation of the film induces 

polymerization, and as a result, a measurable colour change through chemical changes [15]. 
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Unlike radiographic films, these dosimeters have little energy dependence. They also do not 

require chemical development and they are not light sensitive, which makes the readout 

process and overall handling less complex. Their composition and the way of action provides 

an absolute dose measurement [28] but it is not recommended to rely on this alone [21]. These 

small-sized films may have dose sensitivity in the range of 0.01 Gy – 100 Gy, depending on 

the type of the film. 

 

A 2D array system of ion chambers or diodes  

Array detectors incorporate multiple point dosimeters (ionization chambers [33] or 

diodes [34]), distributed in a plane. Array detectors provide fast and direct results, with 

absolute dose measurements, but suffer from low spatial resolution, limited by their detector 

size and spacing between the individual detectors. Other properties of such detector (dose 

dependence, energy dependence, dose rate dependence, directional dependence etc.) depend 

on the dosimetric devices that are used. Field averaging may occur at field edges and areas of 

dose gradients. 

 

 Two dimensional thermally stimulated luminescence dosimeters 

 Several researches showed the feasibility of use of thermoluminescence for 2D 

dosimetry. Large area, LiF based 2D TL was investigated by Marczewska et. al. [35], [36] 

and Czopyk et. al [37]. A 2D surface was achieved by attaching, pressing and sintering 

thermoluminescent powder on Al foil, and was able to map a 2D dose distribution around an 

alpha source. This research qualitatively showed that CCD-based camera systems can capture 

dose distribution in therapeutic dose range. CaSO4:Dy-based 2D TL foils showed promising 

results in imaging dose for proton therapy treatments [38]. These methods provided spatial 

resolution of 0.1 – 1 mm. To our knowledge, these methods are not available for use in clinical 

practice. 
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Two dimensional optically stimulated luminescence dosimeters 

The idea behind 2D OSL dosimeters is that dose maps can be created by shining a laser 

or LED light on a point on film and scanning across it. The films consist of a thin base, covered 

with a layer of radiosensitive powder that can be optically stimulated.  

A report from Idri et.al (2004) [39] presents results that indicate possible use of OSL 

techniques as readout methods from certain films. An active layer of grained rare-earth-doped 

alkaline sulphides with OSL capabilities was deposited on kapton foil. IR LED scanned across 

the film, automatically moved in XY directions, and stimulated luminescence was detected. 

This method allows to achieve a 0.5 mm resolution, in two dimensions, with negligible 

angular dependence and dose rate dependence. Low energy dependence was observed as well. 

Dose distributions compared to the treatment plan, showed promising results but could not be 

quantified due to isocentre localization limits. In addition, by using external markers when 

positioning the film (rather than labelling the film directly), the OSL films can be reused.  

Two dimensional, continuous reusable OSL dosimeters are investigated for x-ray 

imaging [40], [41]. In the work of Jahn et. al. (2011), BeO was used as radiosensitive 

luminescent material. Instead of a point by point stimulation, a multi-fibre array is proposed 

to stimulate the OSL emission, significantly reducing the evaluation time. Spatial resolution 

of 1 mm is achieved. 

Ahmed, et al. (2017), made use of OSL signal from highly sensitive Al2O3:C and 

Al2O3:Mg films for dose mapping, that incorporate a proprietary preparation process with 

Al2O3:C grains mixed with binder and deposited on polyester substrate. These materials 

showed field size independence in the examined range (4 – 15 cm), almost linear dose 

response to photons and protons over a wide range of interest (20 mGy – 3 Gy), with ability 

to achieve extended range by modification of the stimulating laser power; saturation no earlier 

than 76 Gy; low minimum detectable dose (1 mGy) and high sub-mm resolution. This system 

showed sub-millimetric spatial resolution. The measured doses agreed with ion chamber 

measurements with identical conditions. 
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At present, these techniques are at research stage and are not used in clinical 

radiotherapy. More thorough characterisation of dose response and other properties (such as 

signal stability during storage time) are required for feasibility proof.  

 

Fluorescent nuclear track detectors 

Akselrod, et al. have been investigating the application of fluorescent nuclear track 

detectors (FNTDs) for imaging of charged particles and neutrons, using magnesium doped 

Al2O3:C crystal [42]. Al2O3:C has been successfully used as an OSLD in the past. However, 

the extra doping with magnesium allows this material to perform particle trajectory tracing. 

The difference between these two dosimetry techniques is how their crystals respond to 

ionizing radiation. In FNT detectors (Al2O3:C,Mg crystal), free electrons are produced by the 

ionizing radiation which change the oxidation state of the dopant, producing a stable 

fluorescing centre. These then exhibit fluorescence under laser light, a process that can be 

activated as many times as required. On the contrary, in the OSLD, ionizing radiation produces 

colour centres where electrons are trapped. The reading process releases the electrons, 

therefore Al2O3:C OSLD can be only read once in each location in the crystal. 

Several research groups exhibited the ability to form a continuous 3D image of 

individual particle tracks using the FNTDs. Bartz, et al., Niklas et al., and Akselrod. et al. 

incorporated confocal microscopy to evaluate the images of the track at different crystal depth, 

with high spatial resolution [43], [44], [45]. A complete 3D image of the ion track in the 

crystal was created by combining images collected from different depths. The results of this 

research showed the effectiveness of FNTDs in imaging ionising radiation on the microscopic 

scale and can be used to locate and isolate individual cells that have been affected by heavy 

ions [42]. 

FNTDs are an important development in the field of dose detection. However, they have 

not yet been shown to be useful in dosimetry and quality assurance of treatment plans used in 

radiotherapy.  
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1.2.3 Three-dimensional dosimeters  

 For the last few decades, there has been a major interest in three-dimensional dosimeters 

for ionizing radiation. One of the early devices was the HAP dosimeter, a paraffin-wax matrix 

with a halogenated hydrocarbon as a free radical initiator and a leuco dye [46]. This non-

transparent, non-tissue-equivalent device required slicing before spectrophotometric 

measurement of dye concentration in each slice. Signal decay over storage time was observed 

as a result of image diffusion in the paraffin matrix.  

 Newer 3D dose detection techniques utilise almost tissue equivalent polyacrylamide 

gels (PAG), Fricke gels or radiochromic plastics as dosimeter materials [21]. High resolution 

3D dose maps can be read by magnetic resonance imaging (MRI), or optical computed 

tomography (CT).  As some of the gel ingredients are toxic, attempts are made to invent less 

toxic materials without reduction of dosimetric qualities.  

 3D dosimeters provide high resolution images of deposited dose with readily available 

readout techniques and beam energy independence. However, the impact of ionizing radiation 

on these materials is in most cases irreversible and they are used once only [47]. 

 

Fricke gels 

 In Fricke gels, mobile ferrous ions (Fe2+) experience oxidation as a result of irradiation 

to ferric ions (Fe3+). Ferric ions produce stronger paramagnetic dipole-dipole interactions 

with the water protons, causing a change in the water proton spin relaxation times T1 and  T2 

[48].  Once it happens, their concentration, which is proportional to absorbed dose, can be 

determined by imaging. Most Fricke gels utilise MRI as readout technique, but sometimes 

optical CT imaging is used. An advantage of this gel is that it is easily prepared. It is prepared 

in a liquid form, which allows shaping it into complex phantoms [49]. Long imaging times 

are required to achieve high accuracy and good spatial resolution. Quantitative analysis with 

MRI is influenced by many parameters, such as coil related issues, imaging slice orientation 
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and room temperature [50], which makes the readout less reproducible. Another disadvantage 

of this gel is the diffusion of the ions and consequent blurring over time of the area that was 

initially irradiated, degrading the dose image [21], which restricts the waiting time from 

irradiation to measurement. 

 

Polyacrylamide (polymerizing) gels 

 To overcome the dose image blurring of Fricke gels, polymer gels were introduced. In 

the preparation of polymer gels, radiation sensitive chemicals (monomers) are infused in the 

gel and are polymerised upon irradiation. Their fixation by free radical initiators in gelatine 

hinders blurring and loss of image resolution [48]. Polymerization of monomers leads to 

changes in proton relaxation times and is proportional to absorbed dose. Mass density, 

elasticity and opacity are also affected by ionizing radiation. Since optical scattering 

properties of the gel are affected, as well as relaxation patterns of water photons, optical CT 

scanning and MRI measurement technique can be used as readout methods [21], with superior 

results when both methods are used [51]. Ultrasonography can be used for imaging as well. 

[47]. Novel compositions of polymer gels are being developed in order to reduce costs and to 

make them compatible with various readout techniques, thus making this method more 

available for implementation [52]. 

 

Radiochromic gels and plastics 

 Many of the limitations that existed in the first dosimeters (lack of transparency, 

diffusion of the image of the dose distribution) have been overcome by PRESAGE™, 

optically transparent, solid polyurethane-based plastic material [53], that experiences colour 

change under exposure to ionizing radiation. This material has a very wide range of linear 

dose response, which is of high importance in dosimetry. It also is tissue equivalent, has no 

temperature dependence or dose rate dependence and it operates in wide range of energies 

[50]. Another advantage of this material over the amorphous gels (such as Fricke and polymer 
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gels) is that it can be made of any shape and size, according to specific treatment requirements. 

Accurate dose measurement can be achieved by optical CT readout, which adds a complexity 

to the dose acquisition process, due to the duration of CT scanning and image reconstruction. 

An attempts to measure dose deposited in PRESAGE dosimeters using spectrophotometry 

showed linear dose dependence and no temperature dependence of the absorptance value [54]. 

Most of the available 3D dosimeters are disposable. However, some radiochromic gels show 

a potential to be reused [50], [55] although further research is required in this field. 

 

Other 3D dosimeters  

 Several studies suggest that since some of the leuco dyes used in the manufacturing of 

some radiochromic films are fluorescent, 3D dose readout could be achieved with 

incorporation of these materials in solid polymer dosimeters. This method is being 

investigated but currently is not suitable for therapeutic dose range [56]. 

 In another study, non-toxic, optically transparent silicone elastometer with leuco dye 

was fabricated, with chloroform as a source of radiation induced radicals [57]. This elastic 

material can be deformed and shaped, allowing more realistic dose deposition measurements. 

The irradiated dosimeter is optically scanned by two wavelengths, and two transmission 

images are recorded. The difference in measured optical density is then reconstructed to a set 

of CT images. More research is required, with modification of gel composition, to address the 

dose rate dependence and slight dose dependence changes as a function of temperature during 

measurements. Its evident advantage is its deformation ability, allowing imitation of treated 

organs. 

 Resent research aiming to develop a fast, high resolution volumetric scintillation 

dosimetry technique demonstrated that such systems can be utilised for 2D and 3D real-time 

dose detection [58]. However, non-negligible deviations in light distribution measured by the 

proposed system requires performing corrections to the measured light distribution in order to 

obtain the correct intensity and spatial distribution of the emitted light, and thus to calculate 
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the correct dose absorbed by the dosimeter.  In addition, when applied in proton therapy, 

scintillation quenching must be considered. Scintillators also require real-time data collection 

and the collected light may interfere with irradiation.   

 

1.3 Summary 

 External radiotherapy techniques, routinely used in treatment centres, have well 

established reliable techniques to assess dose deposition to volumes, based on periodic quality 

assurance checks and treatment planning system calculations. However, advanced 

radiotherapy treatment techniques, such as IMRT, introduce another level of complexity to 

the dose estimation process, due to better treatment volume conformity, leading to the ability 

to deposit significantly higher doses to treatment volumes while avoiding surrounding tissues. 

This, in turn, leads to higher dose gradients on the border of healthy and tumour tissues. 

 The ability to accurately deliver a high dose to the treatment volume requires special 

care to be taken in monitoring the actual dose absorbed while using these methods. Any 

uncertainty may result in over-exposure of organs at risk, for example, as a result of marginal 

miss or radiation leakage through the leaves of the MLC [8].   To address this change, a need 

for reliable methods to measure dose distributions in three dimensions, sometimes on a patient 

specific basis, has arisen. 

 Existing dose estimation methods involve point dosimeters such as diodes and ion 

chambers, placed in specific locations in a phantom, that provide absolute data on the absorbed 

dose in that location, and two dimensional dosimeters – dose-sensitive films, that provide 

relative dose distribution. Extrapolation of dosimetric data from these 1D and 2D dosimeters 

gives the 3D picture of dose distribution and can be compared to the dose distribution as 

calculated by the treatment planning system. This data is acquired during periodic quality 

assurance of treatment equipment, and when required, prior to patient treatment. 

 1D dosimeters, used in radiotherapy, are reusable devices, providing accurate and 

absolute point data on dose deposition. Naturally, their resolution is limited since dosimetric 
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information is acquired only from specific locations in volume. They also suffer from dose 

averaging due to their finite size, creating dependence on field size and their relative locations 

in the radiation field (edge effects). 1D dosimeters provide dosimetric data at the specific 

locations and require precise placement of the devices in the phantom relative to the irradiation 

field, as calculated by the TPS. 

 2D film dosimeters provide better resolution, with continuous data in two dimensions.  

Radiographic and radiochromic films are cheap, widely available dosimeters with several 

properties important for dose verification of non-uniform fields. The data collected provides 

relative dose assessment due to sensitivity changes in the films over continuous use. Using 

several types of films is needed to cover wide dose range. Energy and dose rate dependence, 

tissue non-equivalence should be addressed. Complex image development processing is 

required to acquire an image from radiographic films, and possible errors and measurement 

variations should be taken into account. The images on the films used in practice are 

permanent and they cannot be reused. This is not a serious disadvantage, as it stores the data 

for further readouts, and low price as well as wide availability of the films compensates for 

the lack of reusability options. To achieve the third dimension, which is desirable in IMRT, 

the data from 2D films needs to be extrapolated based on data from other layers of films or 

point dosimeters. 

 2D OSL and TL films also provide good spatial resolution, with linearity and low energy 

dependence in the therapeutic range and negligible angular and dose rate dependence. The 

spatial resolution of 2D OSL detectors is limited to the spot size of the stimulating laser. These 

methods are presently in the investigation stage and not used in practice. The information 

regarding radiation doses, acquired by these techniques, is limited. For example, quality 

assurance of IMRT plans, if performed with 2D detectors, measures one beam at a time. 

Therefore, detection of the accumulated dose from superposition of a full set of beams is not 

feasible and overdosing to the tissue might not be detected.  
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 3D dosimetry available in the form of gels, which demonstrate dose distribution 

mapping in volume and advanced properties superior to the 2D techniques available. 

Preparation of the available 3D gel dosimeters involves complex fabrication process, with 

specific composition, required to manufacture a detector that complies with the dosimetric 

requirements of radiotherapy. Diffusion of the irradiated areas and the resultant image blurring 

that occur in the earlier Fricke gels has been addressed by polymerization and fixation of 

irradiated volume in place. The ability of the tissue - equivalent PRESAGETM to harden 

simplifies the use of this device and provides stability in dose verification in three dimensions.  

  One of the remaining disadvantages of the use of gels in dosimetry, and the main reason 

they are not widely used in medical settings, is the fact that the impact of irradiation on these 

dosimeters is irreversible, and they can be used once only. The lack of reusability prevents a 

wider use of these techniques for quality assurance of complex treatment plans. 

A reliable data measurement method, which is able to provide a continuous dose in three 

dimensions, is sought after. A continuous 3D dosimeter would provide a powerful method of 

detection of accumulated dose and dose distribution in a volume with specific properties. This 

data could be correlated to provide information regarding the radiation dose absorbed during 

the irradiation process, which would be a significant quality assurance of the treatment plan, 

through its high spatial resolution volumetric dose capabilities. Attempts to reset and reuse 

irradiated gel dosimeters are done and showed promising results, but commercially available 

methods are not widely implemented yet. 

 

1.4 Motivation and thesis outline 

The purpose of this work is to select a material in order to develop a detector that will 

be highly sensitive to radiation and possess signal stability over various ambient conditions 

and then to propose and concept demonstrate a method for three-dimensional dose deposition 

verification that will use a reusable material. 
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Once a potential dosimetric material is selected based on its dose sensitivity and signal 

stability the material of choice will undergo repeatable cycles of irradiation and full resetting 

of the stored dose, and repeatable response to irradiation will be assessed. 

There are several dosimetric materials available that can be reused after irradiation and 

resetting treatment that returns the material to a state that it can be used for further irradiation. 

These include materials with dose storage capabilities that can be stimulated thermally or 

optically (TL and OSL materials). However, TLDs are not ideal candidates for 3D dosimetry, 

because it is unrealistic to heat one specific point in a 3D material; therefore, tracking of 

radiation impact in 3 dimensions is not feasible. OSL can be used to address this subject and 

may be developed as a potential dosimetry technique employing 3D detectors. OSL may offer 

an efficient and simple readout method where a dose map is created by shining a laser light 

on a point on the crystal and scanning across it. The spatial resolution of such detectors is 

therefore limited by the spot size of the laser and camera resolution. To our knowledge, 

utilizing the OSL phenomenon has not been extended to three dimensional detectors for 

clinical use, but its nature can be potentially used to develop a 3D technique. 

 The dosimetric information would be acquired by optical stimulation of the irradiated 

dosimeter and imaging of the dose dependent emitted signal. The total 3D dose image will be 

achieved by adding 2D images at different dosimeter depths. Figure 3 is a simplified version 

of the proposed imaging method. Figure 3a represents a three-dimensional volume (clear 

cube), after exposure to ionizing radiation (red voxels). The colour opacity exhibits the 

amount of absorbed energy, with more opaque (darker) colour representing higher radiation 

dose. The dimensions of the volume in this example are x = 4, y = 5, z = 4 (a.u.). A laser of 

wavelength that can stimulate sufficient OSL emission would scan along the XZ surface, and 

emitted light would be recorded with a video camera from the YZ face (yellow frames in 

Figure 3a). To visualise the scanning procedure and the signal expected from the dose-

dependent radiation deposition, the volume was divided in to 4 slices, each slice represents a 

two-dimensional recorded image. For the simplicity of the visualization, the stimulated signal 
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will be represented at 4 different heights (blue arrows 1 – 4 on every slice of the volume in 

Figure 3, indicating the stimulating laser beam during vertical scanning). 

 

Figure 3 Three-dimensional imaging of dose deposition. a) irradiated radiation-sensitive 3D 
volume, yellow frames represent the slices being imaged within the crystal; b-e) individual 
images representing dose distribution at different depths in the volume, as indicated by the 
yellow frames in a.; f) idealised emitted signal intensities from pixels along the simulating laser 
beams (horizontal profiles). Numbered blue arrows indicate the direction of the stimulation and 
vertical scanning. 
 

 Slices b and e (the edges of the volume) have not been irradiated, therefore there is no 

signal detected from these slices at any height (pink line in Figure 3f). Slices c and d have 

dose deposition of different strength at their centres. This is represented by horizontal profiles 

of various intensities in Figure 3f.  

 This method could provide accurate information on deposited dose. With optimal setup, 

the scanning could be a continuous process, presenting dosimetric two-dimensional data with 

resolution, limited by the camera sensor capability (such as CCD pixel size) and computer 
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data processing power. The thickness of each slice (the 2D images in Figure 3a-d) would be 

as narrow as the stimulating beam diameter, which is also the system resolution limitation of 

the added third dimension.  

 

1.4.1 Project objectives 

At present, 3D dosimeters in clinical treatments are limited to disposable gels and 

plastics. This project aims to investigate the properties of NaCl as a potential cheap reusable 

3D radiation detector. Such a detector could bring a significant contribution to dose 

measurement in radiotherapy. Success in this project will introduce NaCl detector crystals as 

the breakthrough technology for 3D beam monitoring. 

 

1.4.2 Thesis outline 

This thesis contains 5 informative chapters: 

Chapter 3 describes the qualitative TL measurements of several dose-sensitive 

materials, that lead to the selection of NaCl, for further characterisation for 3D dosimetry, 

based on its dose sensitivity and stability of its traps.  

Chapter 4 performs initial checks of NaCl grains, acquired from the specific NaCl 

crystal that will be used further for dose imaging. Spectroscopic analysis of radioluminescence 

emission, repeatability, reproducibility and dose dependence were verified on the grains. Dose 

deposition localisation capability was verified for NaCl 3D crystal as well. 

Chapter 5 performs the characterisation of repeatability, reproducibility and dose 

dependence, this time using the 3D crystal rather than grained samples. 

Chapter 6 describes a bleaching efficiency examination of various wavelength in the 

visible range, and their capability to remove temperature and light-sensitive traps that exist in 

NaCl after it absorbs radiation. As a result of this work, an alternative dose measurement 

method is suggested, that would use imaging of scatter from colour centres rather than OSL 

emission detection.   



28 
 

Chapter 7 provides the initial results of the alternative measurement method suggested 

in Chapter 6. The repeatability, reproducibility and dose dependence using the 3D crystal 

rather than grained samples. 

Chapter 8 summarises the topics and explains the results, achieved in each chapter, with 

proposed improvements of the optical system, along with alternative methods, to allow dose 

verification in compliance with the medical requirements.  
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Chapter 2 

 

Introduction to luminescence theory, band structure of 

crystalline solids and luminescence in dosimetry 

2. Introduction to luminescence theory, band structure of crystalline solids and 

luminescence in dosimetry 

This work attempts to demonstrate and develop a concept for a luminescence based, 

three-dimensional reusable dosimeter for quality assurance and treatment plan verification in 

radiotherapy. Luminescence is a phenomenon when a crystalline material that is capable of 

energy storage in its lattice defects emits the latent energy in the form of light. In the case of 

radiotherapy dosimetry, the energy can be trapped in the lattice of certain crystalline materials 

following deposition, by exposure to ionizing radiation. The amount of trapped energy will 

be proportional to the dose absorbed by the material during irradiation. It can be released by 

several methods, such as thermal or optical stimulation of the irradiated material.  

Some of the existing methods that incorporate the use of luminescent elements in dose 

measurements (optically and thermally stimulated dosimeters) were described previously in 

this chapter (1.2). The physical phenomenon of luminescence, as well as its use in several 

dose determination fields, is outlined below.  

 

2.1 Crystal structure and defects in crystal lattice 

The phenomenon of luminescence is based on the energy band structure of crystalline 

solids. The ideal crystal is essentially a lattice of periodically organised atoms or molecules. 

In pure crystals, the available energy levels comprise of individual levels of atoms that make 
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up the crystal, and when these atoms are brought together form delocalised energy bands –  a 

quasi-continuous distribution of energy levels [24]. The allowed and forbidden values of 

electron energy ranges in solids are referred to as energy bands.  The highest filled or almost 

filled band is the valence band and the next allowed band (empty or almost empty) is the 

conduction band. In order to be able to store energy, a crystal should be able to trap excited 

charge carriers, which is not the case with pure crystals, therefore they do not produce 

luminescence upon stimulation.  

When dealing with non-ideal crystalline materials (with defects present in the lattice 

structure), there are energy levels that are referred as traps in the forbidden band between 

conduction and valence band, with electron traps closer to the conduction band and hole traps 

closer to valence band, each having its activation energy. Defects may act as storage traps 

(trap low energy free charged particles that were released by highly energetic secondary 

electrons after irradiation), or as recombination centres, where positive and negative charged 

particles (electrons and holes) recombine after one is released from a trapping site. Since the 

energy levels in the band gap are responsible for the energy storage, their behavior governs 

the luminescence capability of a crystal – if the recombination site is of radiative type, 

luminescent signal can be stimulated from such material. In case of recombination in non-

radiative traps, heat is emitted.  

Defects in a lattice can be of intrinsic (displacement of pre-existing atoms) or extrinsic 

(externally introduced impurities) character.  

Defects cause changes in the energy states of the crystals, enabling capturing of charges 

in non-pure materials. They can be induced by radiation and thermal processes during natural 

or man-made crystal formation (intrinsic) or by doping with other materials (extrinsic). 

Displacement of atoms or molecules in a lattice (for example, as a result of violation of 

thermal equilibrium) can lead to formation of vacancies (missing atoms/ molecules) and to 

interstitial defects (additional atoms/molecules between lattice points) – Frenkel defects. A 
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phenomenon when these atoms form additional layer instead of interstitial defects are 

Schottky defects [59]. 

Extrinsic defects can be formed when the crystal is contaminated by foreign material 

that links to the building atoms or molecules of the pure crystal, forming an impurity defects.  

Usually, luminescence centres (radiative recombination centres) are related to 

impurities (extrinsic defects) in lattice, with emission wavelength characteristic to specific 

materials. The presence of non-radiative recombination centres contributes to the complexity 

of luminescence calculations, since the external energy that stimulates the process can lead to 

non-radiative recombination and have the released energy not detected. 

Defects and impurities are not avoidable during crystal formation and growth. Initial 

purity of the melt material, cooling rate and distance from the edge of the growing crystal 

(surface defects) are among the main factors affecting defect concentration [60]. Their 

simulation showed that defect density during crystal formation changes as a function of 

distance from the crystal interface. Defect concentration difference, with higher concentration 

at the crystal periphery, was observed in titanium doped sapphire crystals, grown by 

Kyropoulos method [61]. Research by Alombert-Goget et. al [62] showed, for titanium doped 

sapphire, also grown by Kyropoulos technique, that presence of scattering defects is possible 

in a single crystal.  

The control over crystal properties and defect populations is limited to the purpose of 

prospective use of the crystal and may or may not meet the requirements when used for any 

other purpose. In this thesis the materials analysed were created as optical windows, and have 

not had their defect population “customised” for dosimetry. 

Normally, pure crystals are transparent over a wide spectrum of photon energies. 

Exposure of materials, such as alkali halides, to ionizing radiation, activates a mechanism that 

initiates formation of an intrinsic defect type, that imparts colour to the crystal – colour centre 

(F-centre). This defect is formed when an electron is captured in an anion (halide) vacancy 

[24], and bestow to the crystal a characteristic coloration. Even though this is an intrinsic 
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defect, the concentration of impurities has an impact on the generation of colour centres in a 

crystal [59]. These are defects with specific electronic configurations in insulating solids 

where an unpaired electron fills anionic vacancy and is able to absorb photons of certain 

wavelengths. This configuration leads to the coloration of the crystal, that would be 

transparent otherwise. In this process, equal numbers of electron and hole centres are formed 

to maintain an electrically neutral crystal. Colour centres have been long of interest in 

luminescence studies, for example it was observed that upon thermal stimulation of alkali 

halides, recombination of interstitial defects an F-centres occurred [63].  

Illumination can lead to the electron or hole untrapping followed by charge 

recombination, and therefore bleaching out of the colour centres. The amount of coloration is 

dependent on dose, material, material purity and temperature during irradiation [59]. The 

absorbed and reflected wavelengths are material-specific and depend on the trap activation 

energy.  

The density of trapped charges is dependent on applied dose and availability of trapping 

defects.  

Colour centres can also scatter incoming light and collection of the scattered light can 

be correlated to colour centre density, which in turn can be correlated to previously applied 

dose.  

 

2.2 Irradiation, charge trapping and energy deposition in the lattice 

Crystalline materials are capable, upon irradiation, to store some of the applied energy 

in crystal defects (metastable traps) by capturing free charges excited by irradiation. During 

exposure to ionizing radiation, when a highly energetic charged particle (produced by 

interaction of incident radiation and matter, or by primary electrons in the case of electron 

irradiation)  deposits energy in a solid, they ionise and excite the atoms. In some materials, 

multiple free electrons of the absorbing material, with lower energy, are promoted from the 

valence band to the conduction band, leaving empty holes in the valence band, and creating 
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electron-hole pairs. (In order to promote an electron from valence to conduction band, the 

energy gap between the bands, Eg, must be overcome, with Eg characteristic to every material). 

Some of the electrons return to ground state by immediate recombination with holes. 

However, in certain solid materials, not all electrons return to their ground state. Some of the 

electrons and holes that were involved in the ionization process are trapped in the lattice 

defects and stored in localised trap centres – metastable energy states. These energy states are 

defined by their trap depths (trap activation energies, external energy required to empty the 

trap) and by trap lifetimes (mean time delay required for spontaneous detrapping at a given 

temperature). Each material can be characterised by its distinctive activation energy, that 

corresponds with energy gaps between the conduction and valence bands of the crystal, as 

well as probability of trapping and trap stability. Depending on trap depth, charges can be 

captured for short or long periods of times. Crystals with deep, “stable” traps and high 

activation energies can be used as dose detectors, since the amount of trapped charge carriers, 

as well as the number of photons emitted during stimulation (that will be explained later in 

this text) is proportional to energy absorbed from ionizing radiation and hence can be used for 

determination of applied dose [6]. “Shallow” traps (short trapping lifetime) cannot be used for 

dosimetry, as the energy cannot be efficiently stored, and charges from these traps can escape 

before dosimeter read-out. 

 

2.3 Detrapping and stimulation of luminescence 

After ionizing radiation has deposited energy within a crystal, a proportion of free 

charges has become trapped in metastable states at lattice defects. Subsequently these charges 

can be released by application of energy, higher than the characteristic activation energy of 

the individual traps. Once freed from traps, these charges can migrate then recombine with 

charges of opposite sign in another type of traps – recombination centres. Detrapping, and 

subsequent recombination of free charge carriers (electrons and holes) in recombination 

centres, can be accompanied by emission of photons, if recombination occurs in radiative 
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centres. There are several mechanisms that are capable of charge detrapping and photon 

production resulting from ionizing radiation: 

The prompt process of energy liberation from the insulator material, expressed by the 

emission of light, during the absorption of ionizing radiation (X or gamma sources or high 

energy particles) is the radioluminescence (RL) [24]. This process occurs regardless of the 

presence of an initially trapped charge, that is the material does not have to be irradiated before 

the radiostimulation in order to emit light. RL can be used to obtain information about 

luminescence emission mechanisms: radiation-induced defects and recombination centres in 

wide bandgap crystals, and their efficiency [63], [25]. 

Detrapping can also be stimulated thermally (heating to high temperatures) or optically 

(by light of wavelength, sufficient to overcome the activation energy), leading to emission of 

thermoluminescence (TL) and optically stimulated luminescence (OSL) respectively.  

Thermal stimulation of charge detrapping and light emission from a crystal is achieved 

by a controlled heating of the irradiated crystal to an appropriate elevated temperature (high 

thermal energy) that varies between different crystals and lattice defects. Typically, the freed 

electrons diffuse in the conduction band then recombine with localised holes, and some of 

these result in a radiative emission – thermoluminescence (TL). The integrated intensity of 

the TL glow curve measured during the heating process is proportional to the radiation dose 

previously absorbed by the material, enabling exploitation of this effect as a dosimeter. 

Analysis of individual peaks of the glow curve can provide information about the activation 

energies of the traps and recombination sites related to the metastable defects in the lattice.  

Optically stimulated luminescence (OSL) is another method of inducing luminescence 

emission from pre-irradiated materials, analogous to TL, but the luminescence is stimulated 

by light, usually in the visible range. Light of appropriate energy is applied to the crystal, 

providing energy to electrons to be promoted to the conduction band, where they diffuse until 

they encounter and recombine with localised holes, resulting in a radiative emission – OSL. 

As with TL, the intensity of the OSL is proportional to the radiation previously absorbed by 
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the material, and it can be measured in several measurement modes (linearly modulated, 

pulsed, and continuous wave OSL) that will be briefly described further in this text (section 

2.4). OSL signal is dependent on the stimulation power and has a strong thermal dependence 

[64], [65]. 

The luminescent signal originates from transition of electronic charge between inherent 

or radiation-induced defect centres (traps) leading to energy release in the form of light. It is 

not always clear that the same traps are involved in both optically and thermally induced 

processes in any material [66].  

The processes of irradiation and energy storage in a crystal, accompanied by the 

radioluminescence emission and subsequent OSL or TL emission are illustrated in Figure 4. 

Figure 4a. shows the ionization process and the promotion of excited electrons to the 

conduction band, leaving the holes in the valence band. Once excited, the electrons have 

several paths: Figure 4b shows the trapping of the charges in metastable states in the forbidden 

band. Upon continuing irradiation, the charges can either be re-trapped by excitation to 

conduction/ valence band and back to the traps (Figure 4c) or recombine with a charge of 

opposite sign. If the recombination occurs at a radiative centre, light emission occurs. Since 

this is a radiation-stimulated process, the emission is referred to as radioluminescence. Other 

processes such as relaxation, promotion to higher energies (if available) and non-radiative 

recombination are also possible (not illustrated). 
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Figure 4 Transitions during crystal irradiation: a) Ionizing radiation promotes electrons to 
conduction band and holes stay at valence band. b) Electrons and holes “stored” in metastable 
traps (that occur due to defects in lattice). As long as irradiation continues, some of the trapped 
charges are c) continuously re-trapped by promotion to the conduction band and return to the 
traps or d) untrapped, recombine with charges of the opposite sign, leading to emission of 
photon of a characteristic wavelength.  

 

Once the irradiation ceased, there is no more RL emission, and the energy is stored in 

the traps. Figure 5 shows two of the stimulation and detrapping mechanisms that were 

described above: a) optically stimulated luminescence and b) thermally stimulated 

luminescence.  

 

Figure 5 Transitions during stimulation of previously irradiated crystal with a) light or b) heat.  
 

Detrapping and recombination processes are more dominant in insulators (materials 

with wide energy gap) and non-perfect crystals with large number of defects, rather than in 

perfect crystals. The wavelength of the emitted photons is characteristic of the trap depths in 

the crystal.  
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Spontaneous detrapping that is associated with loss of dose deposition information can 

occur in the irradiated crystal. Traps related to the stimulated emission lie deep in the 

forbidden energy band. The presence of shallow traps, unstable at lower temperatures, would 

result in phosphorescence – spontaneous and uncontrolled emission of light that starts 

immediately after termination of irradiation as a result of recombination of charges from these 

traps [24]. Depending on energy levels in the material, phosphorescence can be a long, delayed 

process. Light emission of phosphorescent material can take from portion of seconds (>10-8 

sec) to years [6]. Optical and thermal stimulation essentially accelerate the process of 

phosphorescence by application of external energy in the form of light or heat, that provide 

the necessary energy to release the trapped charges faster.  

 

2.4 Luminescence in dosimetry 

 Thermoluminescent dosimeters (TLDs) have developed over a several decades and are 

a widely used tools in applications such as personal, environmental and medical dosimetry, 

and have been popular for passive radiation dosimetry in clinical applications [23], [67].  Upon 

heating, the emission in the form of electromagnetic radiation can be measured and correlated 

to the amount of energy (proportional to dose) that was stored in the material. TL is the more 

widespread technique with better availability of suitable dosimeter material. Since the 

stimulation of luminescence is by heat, only limited optical filtration is required to measure 

the emission, typically just that required to reject incandescence photons. TL also provides 

information on different traps that are present in the crystal.  

 TLD’s are passive storage dosimeters, read after the irradiation process is completed. 

For read-out, the dosimeter is placed on a heating stage and gradually heated, then an 

optically-filtered photomultiplier tube collects the photons emitted as a result of heat 

stimulation and records its charge or current, which are proportional to photon fluence. Peaks 

of the signal, also called TL glow peaks, represent the traps at different depths in the solid. 

The composite of the various glow peaks over the temperature range measured is the TL glow 
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curve. Dose can be correlated by integrating over a proportion of the glow curve, with proper 

corrections (energy dependence, fading, dose-response non-linearity) [6]. 

OSL is a well-established dosimetry technique that has been widely used as a dating 

tool (age determination) in archaeology and geology (environmental) studies for the last few 

decades [68], [69], [24]. It has also been used for retrospective dosimetry. In this field, it relies 

on correlation between optically stimulated signal intensity (integrated over stimulation time), 

to the radiation dose that the naturally occurring quartz or feldspar was exposed to [66]. The 

dose can be calculated by calibration of the signal to known doses. Accident dosimetry is a 

special type of retrospective dosimetry in which OSL is measured from radiosensitive, 

optically stimulable materials that were locally available in radiation accident area.   

OSL-based dosimeters for personal dose measurements were suggested in the middle of 

last century, but they were not widely used, mainly due to lack of efficient luminescent 

material with suitable radiosensitivity, optical stimulation efficiency, low signal fading and 

tissue equivalence, all required for personal dosimetry. The first commercial optically 

stimulable dosimeters for personal dosimetry were manufactured by Landauer Inc. in early 

2000’s incorporating Al2O3:C [70]. Recently, this method has received more recognition, 

replacing the commonly used TLD’s. Al2O3:C is currently the main material to be used as 

OSL dosimeter, but other dose-sensitive, light stimulable materials are being investigated. 

One of these materials is the low cost, nearly tissue-equivalent BeO. With stimulation light 

~peaking at  435 nm and emission in the UV range, ~335 nm it allows efficient filtration of 

the stimulating light [67].  

In radiotherapy treatment plan verification, OSL and TL-based dosimeters are used as 

point dosimeters, placed in water-equivalent phantoms as described in section 1.2, and as a 

2D dosimeters that incorporate thin layers of powder, made of TL or OSL materials; these are 

currently being evaluated by several research groups. 

Some OSL-reading techniques provide not only data on dose deposition to the material 

(passive dosimetry), but also active, real-time, in vivo dose rate measurement options, by 
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means of coupling the point dosimeter to optical fibre, and measuring radioluminescence [67], 

[71] . The same dosimeter can be used further for accumulated dose determination using OSL 

readout. 

OSL and TL are analogous processes, with different signal stimulation methods, each 

having its advantages and disadvantages in their implementation for dose reading in general, 

and radiotherapy specifically. 

In both methods, the signal being collected is light. Among the advantages of the TL 

method is the fact that when light emission is stimulated using heat, unlike with optical 

stimulation, there is no need to apply optical filtration to separate the stimulating and 

luminescence light. Another advantage is the large variety of TL materials that are 

commercially available for dosimetric use, allowing a choice of suitable dosimeter for every 

purpose and wide dose range. Unlike for TL materials, until recently there was a shortage of 

OSL materials that provide the qualities, such as dose linearity at wide dose range, energy 

independence etc, required for the use of this technique in dosimetry. TLD storage 

requirements between irradiation and read-out can be less demanding than in the case of OSL 

dosimeters, that necessarily use very light sensitive signals and so require storage in dark 

conditions.  

One of the disadvantages of the TL is the “thermal quenching”– loss of luminescence 

efficiency when high stimulation temperature is required. On the other hand, this high 

temperature is required to stimulate dose-dependent signal from the deeper traps. 

Furthermore, for repeatable application of TLD’s in radiation therapy, where applied doses 

are high, annealing is required in order to reset the dosimeter. These disadvantages are 

material-specific, and TLD’s that do not suffer from severe sensitivity loss have been 

developed. 

The OSL technique may provide certain advantages over TL. Its advantages for 

application in radiation dosimetry has been outlined in several publications [24], [25].  
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When measuring dose using an OSL method, it is typically the initial signal intensity 

that plays a role in dose determination. That is, with proper characterisation it is possible not 

only to acquire the dose within seconds from the beginning of stimulation, but also, if needed, 

by controlling the power and stimulation wavelength to measure the dose several times from 

the same dosimeter, as long as the history of previous read-outs is known and the dosimeter 

was not reset. With TL dose re-estimation has been demonstrated but not readily available, 

because in order to determine the dose from these dosimeters, the signal should be collected 

along all the temperature range. In addition, since OSL depletion rate depends on the 

stimulating laser power, control of the power allows much faster readout than TL.  

The small and finite size of the stimulating laser beam, used in OSL, allows scanning of 

the irradiated surface, which allows imaging of localised dose distribution of individual areas 

within the dosimeter surface or volume [23] [6]. 

Several readout modes of illumination, available for OSL, open a range of possibilities 

in dosimetry: continuous wave OSL (CW-OSL) is the standard method where by a continuous 

laser beam of constant intensity hits the dosimeter and the OSL signal is simultaneously 

monitored. The decaying intensity of the luminescence signal is recorded as a function of time. 

Integral of the signal is proportional to energy, deposited by irradiation of the dosimeter, and 

can be correlated to the applied radiation dose.  A near-exponential form of the decay curve 

indicates the presence of one trap depth; more complex curve forms imply that there might be 

several possible recombination pathways with different lifetimes that contribute to the signal. 

 In linearly modulated OSL (LM-OSL) the signal is stimulated by laser with linearly 

increasing intensity. This method provides a curve that is analogous to the glow curve in TL. 

This method leads to initial increase in OSL output, until depletion of the traps is achieved, 

and then decreases to zero [66], [24]. The observed peaks in the OSL curve indicate the depth 

and number of different trap types in the investigated material. For depth calculation purposes, 

the rate of linear intensity increase, as well as photoionization cross section of the stimulation 

wavelength, must be considered.  
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With these methods of stimulation, optical filtration is required in order to collect the 

signal, stimulated by the beam, and prevent collection of the scattered beam itself. In pulsed 

OSL (POSL), the stimulation light is turned ON and OFF periodically, and the emitted signal 

is recorded between the laser pulses. POSL does not require filtration of the stimulating beam 

but can be used only with materials where the traps have relatively long lifetime. 

The wide variety of TL materials allows the choice of the ideal dosimeter for every 

purpose, while with the OSL only a limited number of materials have been shown to be 

suitable for dose determination, therefore, the choice of dosimeter would be with the specific 

application in mind to make the best of the advantageous properties of each method.  

 

2.5 NaCl in dosimetry 

The choice of a material for the 3D dosimeter is a crucial part of the design process. 

Dosimeter properties that are relevant for clinical radiotherapy were listed in paragraph 1.2. 

Here, an investigation of dosimetric properties of common salt – NaCl is proposed regarding 

its implementation in 3D QA in radiotherapy. NaCl is already known for its luminescence 

properties, and its characteristics have been widely explored by various researchers, mainly 

for accidental, retrospective and dating dosimetry [72], [73], [74]. It has been shown to have 

high radiation dose sensitivity and its traps have high trapping stability at room temperature, 

a property that is of great importance because the signal must necessarily be read after a delay 

following irradiation. Other highly sensitive OSL materials, Al2O3 and BeO, are unsuitable 

for 3D volume imaging due to their non-sufficient optical transparency and hence are not 

considered here. 

The dose dependence of the OSL signal from NaCl investigated by various research 

groups. Bailey et.al., Zhang et al. and Spooner et.al. [72], [75], [76] showed rapid growth of 

OSL for beta-irradiation up to 10 Gy and a lessening rate of increase of signal for higher doses 

(up to 60 Gy). Bailey et.al., (2000) also showed that IR stimulated signal could be effectively 

removed by heating the sample to 180 °C, indicating low thermal stability of the source traps 
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for this signal. CW-OSL signal, measured for salt from the Dead Sea irradiated with 60Co 

gamma ray dose in the range of 0.5 – 10 Gy, exhibited dose response linearity when 

illuminated with 455 nm light [77], further strengthening the case for NaCl as a suitable 3D 

imaging dosimeter.  

NaCl lattice defects, trap behavior and their corresponding correlation between TL and 

OSL peaks has been investigated [75]. It has been shown that some of the OSL-sensitive traps 

may relate to the TL traps below 350 °C. More specifically, the traps associated with the main 

dosimetric TL peak at ~290 °C is directly associated and contributes the most to OSL signal 

from NaCl. This TL signal was shown to be thermally stable to at least 200 °C. Only minor 

signal fading was observed after long storage. Regarding readout ease, the OSL signal can be 

quickly and efficiently read out when exposed to visible light. NaCl is optically transparent 

over the wavelength range of relevance and does not exhibit any birefringence-optical 

properties that are important for efficient stimulation of the material with visible light. 

Bailey at al. showed that the signal decreases with temperature during OSL stimulation, 

attributed by them to thermal quenching, but also accountable by thermally induced sensitivity 

change [72]. It was also shown that the OSL signal from NaCl is thermally stable to at least 

200 °C, but the OSL signal can be completely glowed out by heating to 300 °C. Additionally, 

it can be fast and effectively glowed out when exposed to visible light.  

Further, it was demonstrated by Spooner et al. that common salt from various origins 

shows excellent signal intensity upon optical stimulation  [76] but may require doping in order 

to achieve a sensitive OSL signal. The salt samples commercially available were taken from 

various locations around the world, including from sea water, lake water, river water, and 

crushed rock salt. Spooner et al., (2011) found that illuminating the NaCl crystals with blue 

light stimulates luminescence in the UV range, in agreement with previous studies. It was also 

shown that the minimum detectable dose with these conditions is as low as 1 mGy/mg and 

that the OSL could be bleached with negligible residual TL or OSL. However, its high 

solubility in water should be considered, especially during storage. 
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These studies revealed common NaCl to be a favorable candidate for dosimetry in 

radiotherapy treatment verification due to its excellent OSL properties and low material cost. 

The fact that it can be optically bleached may contribute to reusability of the dosimeter, but 

the changes in sensitivity of the material to repeated irradiations and bleaching processes must 

be better defined. Thermal bleaching is possible; however, it has a non-linear impact on the 

sensitivity of the material, and application of a special correction protocol is required [72]. 

Sensitivity changes are also caused by illumination [75]. This must be considered when 

identifying a reusable dosimeter.  

Many research groups showed high dose sensitivity and linear dose response of NaCl to 

doses much higher than therapeutic range. Investigation of TL glow curves from some of the 

commercially available salt samples from various manufacturers showed linear dose 

dependence, starting to saturate after 50 Gy, for gamma irradiated NaCl powder [78] and even 

up to 100 Gy for others [79]. They also showed that the high temperature, potentially stable 

peak is located at the same temperature range for all three samples that were read and does 

not shift with dose.  

Salt possesses key properties required from an effective dosimetric material – dose 

response, linearity, fading and low threshold doses. Existence of a high temperature, almost 

dose independent glow peak contributes to potential use of the traps, responsible for this peak, 

for dose determination. It was observed that salt sensitivity to radiation substantially decreases 

after the first thermal treatment when heated to temperatures above 180 °C. After second 

cycle, sensitivity changes impact its behavior for subsequent read-outs [79], which can be an 

obstacle in designing a TL-read reusable dosimeter, as much higher temperatures are required 

in order to get a signal from the deeper, stable traps. It is important to note, that NaCl crystals, 

after certain treatments such as exposure to ionizing radiation, can absorb blue light, therefore 

these crystals appear yellow-brownish [59]. The dose-dependent concentration of these 

radiation-induced colour centres have also got much potential to provide the required dose 

information. 
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Precautions must be taken concerning sample storage. NaCl is known for its sensitivity 

to humid environments, therefore it should be kept in dry containers. Other precautions are 

concerning the OSL or TL signal stability during storage. It has been shown that the OSL and 

TL signals of NaCl are very sensitive to daylight and most of the signal can be bleached within 

minutes to hours of daylight exposure [74]. After irradiation, the samples must be kept in dark, 

opaque, sealed bags, preferably at room temperature.  
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Chapter 3 

 

Investigation of thermoluminescent properties of 

commercially available optical window materials 

3. Investigation of thermoluminescent properties of commercially available optical 

window materials 

3.1. Introduction 

 Quality assurance of complex radiotherapy treatment plans verification requires 

materials that are highly sensitive to radiation, with good signal stability in ambient 

conditions. This study involved the characterisation of a suite of commercially available 

window materials, chosen for optical-transparency and environmental robustness, to 

determine the most suitable one to use as the OSLD in the three-dimensional detector. These 

materials were tested for their thermoluminescence (TL) response to photon irradiation. The 

3D TL properties were characterised prior to further experiments using optical stimulation 

since this approach can help to find not only the emission bands of these materials, but also 

trap depth and their thermal stability. To be applicable in dosimetric measurements, the 

material of choice must provide stable energy storage capability, thermal stability after 

irradiation (low fading) and sufficient response during stimulation (easily detectable, low 

noise signal during readout). The materials that would exhibit such properties upon thermal 

stimulation, can be good candidates for further study as OSL dosimeters, assuming similar 

behavior under optical stimulation. 
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3.2. Materials and methods for 3D TL measurements 

 Thermal luminescence response after x-ray irradiation of a variety of optically 

transparent circular crystal windows, with diameter of 15 – 25 mm and 1 – 2 mm thickness, 

as shown in Figure 6, was recorded using Fourier-Transform luminescence spectrometer 

already established in the Prescott Environmental Luminescence Laboratory (PELL) in The 

Braggs [80].  

 

Figure 6 Examples of optical windows used in the crystal characterisation. 

 

 The luminescence properties that were investigated included signal strength (Signal-

Noise-ratio (SNR)), determination of emission spectral distribution and temperature 

dependence, as well as the thermal stability (existence of high temperature traps) of the stored 

energy. 

 The selection of commercially available optically transparent crystal windows includes: 

NaCl, BK7, ZnS cleartran, borosilicate glass, SiO2, IR SiO2, fused silica, ZnSe, MgO, CaF2, 

ZnS FLIR, AlON, BaF2, MgF2, MgAl2O4 and Al2O3. Each were irradiated on a superficial x-

ray (SXR) unit, Gulmay D3150 (Gulmay Medical LTD., UK) and linear accelerator (linac) – 

Clinac 600C/D (Varian Medical Systems, Inc., Palo Alto, CA, USA). The SXR beam 

consisted of a 100 kVp with 3 mm Al half value layer beam at surface level using a 5 cm cone 

diameter with 15 cm source to surface distance (SSD). In the case of the linac, a 6 MV x-ray 

beam was used with the OSLD at depth of 1.5 cm, with a field size of 10 × 10 cm2 and 100 

cm SSD. The radiation dose for each sample was chosen based on the detector response and 
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adjusted for the material sensitivity. Samples with low or undefined response to irradiation 

after SXR were not exposed to linac irradiation. To avoid signal fading, the exposure of the 

samples to external light after irradiation was minimised by storage in sealed, black, opaque 

bags. The TL emission spectra were recorded for photon energies ranging from 1.5 eV to 5 

eV. Each window was heated at 1 K/s to 350 °C after a 30 minutes delay following irradiation, 

and 48 scans were performed starting at 50 °C. Reheats were performed and subtracted as 

“background”, including instrumental noise and incandescence. The dose rate of 1 K/s 

allowed to minimise thermal lag in the thick sample discs, and the maximum temperature of 

350 °C was chosen based on previously observed emission ranges [76]. Experimental logistics 

compelled the delay for consistency and hence the standardised 30 minutes between 

irradiation and measurement. 

 Energy absorption coefficients 𝜇𝑒𝑛 𝜌⁄  were calculated with consideration of elements 

and their weighting factors in each substrate from  𝜇𝑒𝑛 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝜌⁄ =  ∑ 𝑤𝑖(
𝜇𝑒𝑛

𝜌⁄ )𝑖𝑖 , where 𝑤𝑖 is 

the weighted fraction of each atomic constituent. The values for individual constituent 

elements 𝜇𝑒𝑛 𝜌⁄  were acquired from NIST database, for effective energies of 35 keV and 2 

MV for the SXR and linac respectively. This simplified absorption coefficient calculation 

considers only the peak beam energy and omits the material-specific effects of the 

polyenergetic spectrum of the beam, leading to high uncertainties in the calculated absorption 

coefficients. However, since in this experiment a qualitative rather than quantitative 

characterisation of the trap behaviour was required, more accurate coefficient calculation was 

not performed. 

 Table 1 lists the window materials, used in this work and their corresponding energy 

absorption coefficients. Energy absorption coefficients for water for these energies were  

𝜇𝑒𝑛
𝜌⁄ = 0.1126 [ 𝑚

2

𝑔⁄ ] and 0.0231 [ 𝑚
2

𝑔⁄ ] for 35 keV and 2 MV respectively. The dose to 

crystals were calculated from 𝐷𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = 𝐷𝑤𝑎𝑡𝑒𝑟(
𝜇𝑒𝑛

𝜌⁄ )
𝑤𝑎𝑡𝑒𝑟

𝑐𝑟𝑦𝑠𝑡𝑎𝑙
. 
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  Window material 𝜇𝑒𝑛 𝜌⁄ ( 𝑛 = 35 𝑘 𝑉) [ 𝑚
2

𝑔⁄ ] 𝜇𝑒𝑛
𝜌⁄ ( 𝑛 = 2 𝑀𝑉) [ 𝑚

2

𝑔⁄ ] 

NaCl 1.0436 0.0225 
BK7 0.4255 0.0158 

ZnS Cleartran 5.3689 0.0223 
Borosilicate glass 0.4255 0.0158 

SiO2 0.4499 0.0136 
IR SiO2 0.4499 0.0136 

Fused Silica 0.4499 0.0136 
ZnSe 8.3176 0.0211 
MgO 0.3408 0.0233 
CaF2 1.4203 0.0229 

ZnS FLIR 5.3689 0.0223 
AlON 0.5205 0.0230 
BaF2 6.9765 0.0210 
MgF2 0.2950 0.0226 

MgAl2O4 0.4602 0.0231 
Al2O3 0.5074 0.0231 

Table 1 Optical window materials and their corresponding energy absorption coefficients, 
calculated based on NIST data on their individual constituents for effective energies of 35 keV 
and 2 MV. 
 

3.3. 3D TL glow curves from photon-irradiated optical windows 

Plots of 3D TL spectrum for the selected window materials that could be suitable for 

dosimetric  purposes due to their high dose sensitivity, as well as representative 3D TL plots 

of unsuitable materials are shown in Figure 7. Crystals with weak or no defined emission 

pattern, that were not exposed to linac irradiation, are excluded from this figure.  
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NaCl SXR NaCl linac

a) b)

BK7 SXR BK7 linac

c) d)

ZnS Cleartran SXR

No emission

ZnS Cleartran linac

e)

Borosilicate glass SXR

No emission

Borosilicate glass linac

f)
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SiO2

No emission

SiO2 linac

g)

IR SiO2 SXR

No emission

IR SiO2 linac

h)

Fused silica SXR Fused silica linac

i) j)

ZnSe SXR

No emission

ZnSe linac

k)
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MgO SXR MgO linac

l) m)

CaF2 SXR CaF2 linac

n) o)

ZnS FLIR SXR

Weak emission

ZnS FLIR linac

p)

AlON SXR AlON linac

q) r)
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BaF2 SXR BaF2 linac

s) t)

MgF2 SXR MgF2 linac

u) v)

MgAl2O4 SXR MgAl2O4 linac

w) x)
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Figure 7 SXR TL emission spectrum (left column) versus linac spectrum (right column) of 
selected window materials following irradiation, for effective energy of 35 keV and 2 MV 
irradiated by SXR and linac respectively. 

 

Nine of tested materials (BK7 (Figure 7c, d), ZnS Cleartran (Figure 7e), Borosilicate 

glass (Figure 7f), SiO2 (Figure 7g), IR SiO2 (Figure 7h), Fused Silica (Figure 7i, j), ZnSe 

(Figure 7k), ZnS FLIR (Figure 7p) and AlON (Figure 7q, r)) lacked either strong TL signals 

or spectrum that can be efficient in correlation to applied dose.  

Significant TL response was detected from seven materials: MgO (Figure 7l, m), CaF2 

(Figure 7n, o) and MgF2 (Figure 7u, v) showed high SNR peaks, but located at low glow curve 

temperatures (below 200 °C for MgO and MgF2; below 150 °C for CaF2). CaF2 has a series 

of sensitive TL emissions in visible range and weak series of TL emission peaks in longer UV 

(~330 nm). In addition, at higher temperatures CaF2, as well as MgAl2O4 (Figure 7w, x) and 

BaF2 (Figure 7s, t) windows showed signal along all the temperature range.   

Clearly defined TL emission peaks with high SNR appeared for NaCl (Figure 7a, b) and 

Al2O3 (Figure 7y, z) windows. Strong peaks at stimulation temperature of 82 °C with 

wavelength of ~2.5 eV (495 nm), and at temperature of 248 °C with wavelength of ~2.8 eV 

(445 nm) were measured for NaCl. Al2O3 showed strong emissions at temperature of 197 °C 

with wavelength of ~1.77 eV (700 nm), as shown in more detail in Figure 8. The difference 

in ratios of high and low temperature of NaCl glow peaks visualises the instability and 

environmental sensitivity of the low temperature peak. Such difference could be a result of 

Al2O3 SXR Al2O3 linac

y) z)
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temperature difference on the day of measurement, making the low-temperature peak non-

usable for dosimetric purposes.  

 

Figure 8 3D thermoluminescence response of crystals with high temperature traps: a) NaCl 
response after irradiation on SXR; b) NaCl response after irradiation on linac; a) Al2O3 response 
after irradiation on SXR; a) Al2O3 response after irradiation on linac.  

 

A much less pronounced, but detectable shoulder at stimulation temperature of 267 °C 

with wavelength of ~3.4 eV (365 nm) appeared for both SXR and linac irradiated NaCl. The 

SXR irradiated NaCl crystal also exhibited a very weak TL peak of 3.4 eV (365 nm) at 69 °C 

but as in the case of the lower energy low temperature peak (82 °C, ~2.5 eV (495 nm)) 

mentioned above, it cannot be used for dosimetry purposes due to thermal instability. The 

high temperature (267 °C) UV peak is of particular importance in this work as a potential 

source of optically stimulated deep trap, this is shown in Figure 9. 
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Figure 9 Energy spectrum from a) SXR irradiated and b) linac irradiated NaCl window upon 
thermal stimulation of 267 °C. UV emission of 3.4 eV (365 nm) is of importance for OSL 
measurements from NaCl. 

 

Table 2 and Table 3 summarise the exposure details for the 100 kVp beam and 6 MV 

beam respectively and show the integrated signal of the peak (where applicable) normalised 

to 1 Gy in crystal. For materials without well-defined signals, the volume was integrated for 

temperatures above 150ºC (thermally stable signals). This ratio represents the sensitivity of 

the crystal to irradiation, normalised to applied dose. Materials with the higher dose sensitivity 

(order of magnitude of 105 and higher) are NaCl, MgO, CaF2, BaF2, MgF2, MgAl2O4 and 

Al2O3.  
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  Window material 

mamaterialmaterial 

  Dose to water [Gy] Dose to crystal [Gy] 

  

Signal Intensity for 1 Gy 

(Counts) 
NaCl 1.36 12.61 5.8 E+05 
BK7 1.36 5.14 4.0 E+04 

ZnS Cleartran 1.36 64.85 4.3 E+02 
Borosilicate glass 1.36 5.14 7.0 E+03 

SiO2 1.36 5.43 4.8 E+03 
IR SiO2 1.36 5.43 4.8 E+03 

Fused Silica 1.36 5.43 2.9 E+03 
ZnSe 1.36 100.47 5.1 E+02 
MgO 0.68 2.06 7.3 E+05 
CaF2 0.68 8.58 1.1 E+06 

ZnS FLIR 1.36 64.85 3.5 E+02 
AlON 2.72 12.57 4.9 E+04 
BaF2 0.34 21.07 1.5 E+05 
MgF2 0.34 0.89 1.1 E+07 

MgAl2O4 0.2 0.82 3.7 E+07 
Al2O3 0.27 1.22 0.9 E+06 

Table 2 The absorbed doses to water and crystal, for 100 kVp beam (35 kV effective energy), 
along with integrated TL signal intensity, normalised to 1 Gy 
 

  Window material   Dose to water [Gy] Dose to crystal [Gy] 

(2 MVeff) 

Signal Intensity for 1 Gy 
NaCl 1.36 1.18 3.0 E+06 
BK7 1.36 0.82 

 

1.4 E+05 
Fused Silica 1.36 0.71 6.3 E+03 

 
MgO 0.68 0.61 1.1 E+06 
CaF2 0.68 0.60 5.6 E+06 
AlON 2.72 2.40 8.1 E+04 

 
BaF2 0.34 0.27 6.9 E+05 
MgF2 0.34 0.30 1.9 E+07 

MgAl2O4 0.20 0.18 9.1 E+07 
Al2O3 0.27 0.24 2.2 E+06 

Table 3 The absorbed doses to water and crystal, for 6 MV beam (2 MV effective energy), 
and integrated TL signal intensity, normalised to 1 Gy 
 

From the beam energies and effective atomic numbers of the materials in this study, and 

photoelectric effect predominance, expected differences in doses, absorbed by the crystals 

were observed for SXR-irradiated versus linac-irradiated windows, for similar doses to water 

(actual dose to crystals for each radiation source are shown in Table 2 and Table 3). For lower 

energies (SXR versus linac beam energy) the probability of interaction of radiation with 

matter is more dependent on the atomic number of the material, which is expressed in high 
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variation in energy absorption coefficients 𝜇𝑒𝑛 𝜌⁄   (energy absorption coefficients, used for 

dose absorption calculations, are listed in Table 1). 

Since this preliminary experiment was aimed at basic characterisation and qualitative 

comparison of commercially available optical windows, quantitative response to doses 

administered from SXR versus linac was not investigated. 

 

3.4. Conclusions and experimental justification of the material selection 

Qualitative parameters of TL emission wavelength, radiation sensitivity and thermal 

stability were identified and measured to enable selection of the optimal material.  

Ideally, an OSL dosimeter material would have high sensitivity to radiation, as well as 

thermal stability. CaF2, MgF2, and MgO have good dose sensitivity (see Figure 7) but might 

not be satisfactory candidates for further experiments due to thermal instability of their traps: 

traps that correspond to low temperature peaks may contribute to signal fading over time. In 

addition, although CaF2 with appropriate dopants and treatments is known as a sensitive 

dosimeter material [81], the optically pure material analysed in this work lacks the defects 

necessary to produce sufficient luminescence for dose-dependent applications. 

Materials with high dose sensitivity but continuous spectra extending over large 

temperature ranges (MgAl2O4 and BaF2) are not suitable for dosimetry, due to peak overlap 

which makes it harder to discern between peak intensities of specific traps. 

The existence of stable, dose-sensitive high temperature TL peaks in irradiated NaCl 

and Al2O3 makes them strong candidates for further investigation as OSL dosimeters, 

assuming similar behavior under optical stimulation. Based on the results of this experiment 

and due to advantageous OSL dose response, excitation and emission properties discovered 

by other experiments (Hunter et al., 2012, Spooner et al., 2012), NaCl was chosen to be further 

investigated as a prospective 3D OSL dosimeter. 
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 NaCl crystal is also affordable and easy to manufacture, compared to other materials 

tested. 
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Chapter 4 

 

Preliminary characterisation of dosimetry-related 

luminescent properties of NaCl 

4. Preliminary characterisation of dosimetry-related luminescent properties NaCl  

 

4.1 Introduction 

It has been shown in chapter 3 that following irradiation, NaCl and Al2O3 crystals 

possess stable, dose-sensitive high temperature TL peaks. Such findings imply that with 

further investigation of their properties, relevant for dosimetry purposes, these materials could 

potentially be used for measurements of applied doses. Out of the two, NaCl would be the 

material of choice in this work, based on the results of previous experiment as well as 

supporting results of other researchers (Hunter et al., 2012, Spooner et al., 2012). 

By implementing optical, instead of thermal stimulation techniques, energy stored in 

crystal defects as a result of irradiation could be locally released from the intersection of 

crystal and stimulating light. Locally stimulated and detected signal could provide spatial 

information on radiation dose deposition. 

In chapter 3 it was assumed that favorable dosimetric properties upon thermal 

stimulation would also be the case for optical stimulation as well. In this chapter, the aim of 

this work is to test this hypothesis and if valid, show that NaCl crystal can be calibrated to 

provide two-dimensional dose distribution image, prior to translation of this method to 3D. 

Emission wavelength, emitted photon count, detection capability, dose dependence, 

dose sensitivity (repeatability of readout cycles and reproducibility of dose readout between 
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different dosimeters) will be investigated, followed by demonstration of feasibility of dose 

deposition localization. 

 

4.2 Sample preparation and equipment for the verification of luminescent and dosimetric 

properties of NaCl 

This chapter aims to provide the initial data, required for the characterisation of OSL 

signal from NaCl. The NaCl samples used in this work in the radioluminescence measurement 

and further, in the 2D dose deposition imaging were commercially obtained, analytical 

quality, polished NaCl optical windows (Crystran, UK) of 23mm × 41mm × 5 mm.  To show 

suitability of the chosen crystalline material for dosimetric measurements, dose dependence 

and dose sensitivity measurements were performed on grains, prepared from a piece of NaCl 

window, the same that will be further used for 2D dose deposition imaging and potentially for 

3D dose deposition imaging. The windows were grained by crushing using an agate mortar 

and pestle, then sieved to retain 180 – 300 μm grains. The grains were optically bleached to 

remove any residual signal prior to irradiation. NaCl windows, sieves and grained NaCl, as 

used in this work, are shown in Figure 10 a, b and c respectively. 
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Figure 10 a) NaCl window, as used in radioluminescence measurement and 2D dose deposition 
imaging; b) sieves; c) Sieved NaCl grains, acquired from NaCl window. 

 

Irradiation with a 90Sr/90Y beta source with activity of 1.48 GBq, OSL and TL 

measurements of grained NaCl in all experiments were made using a Risoe automated 

microprocessor-controlled TL / OSL reader system (type TL SYSTEM TL/OSL-DA-20, Risø 

National Laboratory, Denmark), dose delivery calibrated to quartz, with uncertainty of ~3%. 

The 90Sr/90Y plaque is mounted in a rotary drum inside the shielding and rotates on computed 

command to the expose position; the action time is approximately 0.01 sec. The luminescence 

signals were detected by an EMI 9635QA photomultiplier tube, optically filtered by a 7 mm 

thick Hoya U – 340 filter, providing a 50% transmission window between 290 – 370 nm with 

peak transmission at 340 nm, used to reject scattered stimulation photons. 

Measurement equipment of other experiments as well as specific measurement settings 

used in this work will be described in detail in the relevant chapters. 

  

>300 μm180-300 μm<180 μm

Sieves

a) b)

c)
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4.3 Radioluminescent (RL) emission from irradiated NaCl window 

 

4.3.1 Background   

Along with spontaneous (fluorescence, phosphorescence) and stimulated (optically or 

thermally) luminescence phenomena, that occur after irradiation of the material, there is also 

luminescent phenomenon that occurs during the irradiation process – radioluminescence (RL). 

This luminescence phenomenon is due to recombination of charged particles that occur at the 

time the crystal is being exposed to ionizing radiation.  

Radioluminescence can be an effective method to acquire information on the efficiency 

of recombination centres [63]. The radioluminescence emission spectrum from the NaCl 

sample was measured in order to inform the choice of OSL stimulation wavelength and 

imaging ability of emitted signal, optical filters and detectors.  

 

4.3.2 Methods 

Since no signal was detected from RL stimulation of non-irradiated NaCl crystal, the 

polished NaCl optical windows were irradiated with dose of 10 Gy (dose to water) from a 

superficial x-ray unit (SXR), with a 100 kVp, 3 mm Al HVL beam, 6 days prior to 

spectroscopic characterisation of RL. The time delay between irradiation and measurement 

was chosen to minimise signal from unstable traps by permitting them to decay at ambient 

temperature. During the measurement, the sample was irradiated with beta radiation from a 

185 MBq 90Sr/90Y beta source, 200 seconds per segment, and the radioluminescence measured 

in the range of 250 nm to 530 nm using a Princeton Instruments spectrofluorimeter comprising 

a PIXIS:256 CCD and a SpectraPro 2300i spectrograph (Roper Scientific, USA).  

Spectroscopic measurements of radioluminescent signal from NaCl crystals were 

performed to verify the emission wavelength from the samples studied. Radioluminescence 

involves spontaneous light emission from crystalline material during bombardment of the 
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crystal by ionizing radiation (x-rays, beta or alpha particles). This emission corresponds to 

prompt radiative recombination of electrons and holes during the irradiation.   

In the radioluminescence process, as well as in OSL, the energy and wavelength of 

emitted photons do not depend on the energy of the stimulating beam but are dictated by 

transitions between excited and ground states, and are determined by the nature of the traps 

that are present in the crystal [24]. The information collected from this spectroscopic analysis 

of radioluminescence emission will indicate the photon wavelength that would be expected 

during OSL measurement and helps in experimental apparatus optimization – proper choice 

of optical filter, lens and other optical components that should be used in the dosimetric crystal 

characterisation, and then in subsequent application.    

  

4.3.3 Results and discussion 

Spectroscopic study of the radioluminescent emission from previously x-ray irradiated 

NaCl windows showed emission with peaks at ~310 nm and ~355 nm. The results of the 

spectroscopic measurement, as well as a fit sum of 3 Gaussian peaks, are shown in Figure 11. 

The process of fitting the experimental data to Gaussian peaks was performed using the 

“Solver” add-in of Microsoft Excel.  
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Figure 11 Measured (navy) and fitted (pink) radioluminescence emission from irradiated NaCl 
crystal, given a dose of 10 Gy and bombarded with beta radiation from 185 MBq 90Sr/90Y beta 
source. Red, green and blue lines correspond to individual fitted components of 
radioluminescent spectra of the NaCl optical window. 
 

Strong emission peaks were observed at the wavelengths of 306.3 nm and 355.4 nm, 

showing the existence of trapping centres and UV-emitting recombination centres. In 

particular, 306.3 nm emission could be as a result of presence of Tl+ ions dimers in the NaCl 

crystal used in this work, whereas intrinsic defects (Schottky and Frenkel defects) in the 

crystal are associated with a UV emission band at 355.4 nm [82], and can be used for 

luminescence-based dosimetric measurements. This argument is strengthened by the presence 

of UV emission peak in this range (~365 nm) in the 3D-TL measurement (chapter 3). The 

peak at 413.7 nm, having weak intensity in our sample, indicates the presence of colour 

centres. Slight increase in signal intensity was also observed around 500 nm; this could be 

correlated to the TL glow peak, measured in the 3D-TL experiment at 82 °C, and may indicate 

presence of unemptied shallow traps remaining in the crystal after six days of fading at room 

temperature, this signal was found to be unstable at room temperature, with half-life of ~9 

hours [74]. Since the 3D TL measurements were performed 30 minutes after irradiation 

(chapter 3), whereas RL signal was recorded six days after the crystal was subject to x-ray 
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irradiation on SXR , it could explain the unambiguous small increase in the signal of RL 

spectrum and the low signal-to-noise ratio at this region. These peaks wavelengths agree with 

previous RL examination of common salt, investigated by Y. Rodriguez-Lazcano et. al [82], 

however their intensities were significantly different. Factors, influencing the characteristic 

radioluminescence from irradiated crystal are dictated by parameters such as temperature, 

pressure, crystal structure, defect and impurity concentrations etc., leading to deviations in 

signal intensity and emission wavelength from specific crystals. 

  

4.3.4 Conclusion 

A temperature-stable TL signal, observed at temperatures above 100 °C in the 3D TL 

experiment (chapter 3), was also detected when stimulated by β radiation and exhibited 

emission of wavelength at approximately same range as the RL emission (TL – 365 nm at 267 

°C; RL – 355 nm) in this chapter, implying that they are probably from the same origin: 

intrinsic lattice defects of NaCl rather than externally introduced impurities (that could vary 

between crystals of different origin). This information was used to optimise the optical 

filtration to reject scattered stimulation photons in the 3D OSL imaging process. The filter of 

choice in 3D imaging should be able to improve the signal to noise ratio of the stimulated 

OSL emission by rejection of the stimulating laser wavelength and efficient transmission of 

emitted OSL signal. The radioluminescence signal shows that for NaCl, the filter should 

ideally possess an efficient transmission ability in the wavelength below 375 nm. Complete 

blockage of light above 400 nm (excitation light) is also required. The physical dimensions of 

the filter will be experimentally chosen to allow significant signal detection with the optical 

system, for maximizing the SNR.  
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4.4 Volumetric photon count estimation by OSL stimulation from irradiated NaCl grains 

 

4.4.1 Background  

The following experiment was designed to verify that the number of photons emitted 

during OSL from the samples used in this project is sufficient and can be effectively detected 

by our optical system. Satisfactory outcome of this experiment is required to accurately 

estimate the dose dependence of the material and to be able to perform 3D characterisation of 

NaCl crystal. An insufficient number of photons, including after partial absorption by filter 

and optical lens and the limitations of the imaging system, may result in the OSL signal being 

too faint to be detectable or usable. Hence a satisfactory outcome of this experiment is 

essential in order to perform a 3D characterisation of the NaCl crystal.  

 

4.4.2 Methods 

180 – 300 μm grains of NaCl were irradiated from a 1.48 GBq 90Sr/90Y beta irradiation 

source for 10 seconds, with dose rate of 0.1 Gy/second, introducing total dose of 1 Gy. Pre-

heat to 130 °C, with heat rate of 5 K/second after irradiation, was applied to remove the 

unstable, low temperature shallow traps. CW-OSL emission was stimulated using a blue LED 

pack, at wavelength 470 ± 20 nm with 20% of its maximum optical power of 40 mW/cm2 and 

optical stimulation time of 102 seconds. Temperature during OSL measurement was set to 25 

°C. After the OSL readout, the grains were heated to 400 °C to record residual signal and 

reheated for background subtraction.  

The exact process included the following steps, as described above: 

1. Reset residual signal (102 seconds exposure to 40 mW/cm2 (20%), 470 nm) 

2. Irradiate (nominal 1 Gy Sr90/Y90 beta) 

3. Pre-heat (up to 130 °C, heat rate 5 K/second) 

4. OSL readout (102 seconds, 40 mW/cm2 (20%), 470 nm) 
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5. TL readout up to 400 K/second, heat rate of 1 °C/second (residual TL) × 2 cycles 

Another sample has undergone the same process, excluding the OSL readout (step #4), 

to record the TL signal under similar irradiation conditions (artificial TL). 

All samples were weighed prior to measurements, and their signals were mass and dose 

normalised: [𝑠𝑖𝑔𝑛𝑎𝑙 𝑔 ∗ 𝐺𝑦⁄ ]. 

 

4.4.3 Results and discussion 

OSL signal as a function of time, before and after exposure to beta irradiation, is shown 

in Figure 12 on a semi-logarithmic scale, to visualise the intensity differences, with initial 

artificial OSL intensity stronger than natural (accumulated in ambient conditions during 

storage) by factor of 4. 

 

Figure 12 Artificial OSL signal after 1 Gy Sr90/Y90 beta irradiation and pre-heat  to 130 °C 
(green glow curve) versus natural OSL signal with no prior treatment (red glow curve) from 
NaCl grains. 
 

For comparison, artificial and residual TL (Figure 13) showed that the residual TL has 

very weak signal at the 180 °C – 300 °C region, indicating almost complete signal collection 

by OSL stimulation. 
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Figure 13 Artificial TL after irradiation and pre heat  to 130 °C (green glow curve) versus 
residual TL after irradiation, pre-heat to 130 °C and OSL readout (red glow curve) from NaCl 
grains. 
 

 Integrating over artificial OSL curve after irradiation gives 3.2 × 106 counts per 2 mg 

per 1 Gy, that is, detection of ~1.6M photons per mg per 1 Gy. Considering the system 

detection limitation, characterised by PMT ~ 25%, filter transmission ~ 0.5, solid angle ~ 0.06, 

the number of detected photons is approximately 0.75% of photons emitted from the sample. 

Estimated emission from grained NaCl window during optical stimulation can be 

calculated: 1.6𝑀
0.0075

≈ 2.1 × 108  photons per mg of NaCl per Gy. 

Now the number of photons emerging the NaCl window upon blue laser optical 

stimulation can be estimated as well:  

NaCl window volume that contributes to OSL signal, using L = 41 mm as the length of 

the sample and R= 0.25 mm as the laser beam radius at the sample. 

𝑉 [𝑚𝑚3] = 𝐿 × 𝜋𝑟2  ≈ 8 𝑚𝑚3 

Where V is the volume of the sample, exposed by laser beam. 

Mass of NaCl window, exposed by laser beam, using NaCl density ρ = 2.16 mg/mm3: 

𝑀 =  𝜌𝑉 ≈ 17 𝑚𝑔 

Considering emission of 2.1 × 108 photons per mg of NaCl per Gy and 17 mg of the 

window under laser stimulation, there is a signal from no less than 3.5 × 109 photons/Gy.  
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4.4.4 Conclusion  

These findings show that the chosen NaCl crystal has high radiation sensitivity under 

the preparation, irradiation and measurement conditions used here. The photon count in the 

OSL measurement from NaCl window will depend on the transmission properties of the 

optical system and detection capability of the camera sensor. Signal characteristics may also 

vary as a result of different scatter patterns while irradiating NaCl grains versus NaCl crystal.  

Salt grains for this experiment were obtained from a commercially available NaCl 

window. High photon count was detected from the NaCl grains. Calculations showed that the 

OSL signal emerging from the volume of NaCl optical window optically stimulated will be 

sufficient, and it should be possible to detect it with our imaging system. Not all these photons 

will be detected when imaging the OSL from crystal. Detection of photons by the imaging 

sensor will be affected by optical properties of the focusing lens (transmission of desirable 

wavelength and solid angle), filter and camera sensor capabilities. The impact of these 

limitations will be discussed and calculated in the relevant chapter.  

    

4.5 Dose dependence of OSL signal from grained NaCl 

 

4.5.1 Background  

This experiment was designed to characterise dose response of the NaCl crystal. 

Previously NaCl has been shown to have high dose sensitivity and favorable dosimetric 

properties and its characteristics for retrospective dosimetry have been widely explored and 

the dose dependence of the OSL signal from NaCl investigated by various research groups. 

[72], [75], [76] showed rapid growth of OSL for beta-irradiation up to 10 Gy and a lessening 

rate of increase of signal for higher doses (up to 60 Gy).  Bailey et.al., (2000) also showed 

that even though UV emission from NaCl can be stimulated optically (blue-green light, 420 – 
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560 nm) or with infra-red (IR) wavelength,  the IR stimulated signal could be effectively 

removed by heating the sample to 180 °C, indicating low thermal stability of the source traps 

for this signal. CW-OSL signal, measured for salt from the Dead Sea irradiated with 60-Co 

dose in the range of 0.5 – 10 Gy, exhibited dose response linearity when illuminated with 455 

nm light  [77], further strengthening the case for NaCl as a suitable 3D imaging dosimeter. 

 

4.5.2 Methods  

Twelve aliquots of grains were mounted on 9.7 mm diameter aluminum discs using 

“Silkospray” (W. Rusch, Germany) silicone oil as adhesive. The signal from the grains was 

normalised by collecting OSL emission after beta irradiation of dose-rate 0.1 Gy/second, for 

10 seconds (total of 1 Gy) followed by a pre-heat to 120 °C with heating rate of 5 K/second, 

to eliminate any low temperature glow peaks (< 100 °C) that are thermally unstable and are 

responsible for spontaneous signal losses, and 100 seconds of normalizing OSL stimulation. 

After the normalization cycle, each sample was irradiated with beta irradiation of dose-rate 

0.1 Gy/second, for various time durations (1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, and 2048 

seconds). Prior to OSL measurements, each sample was also pre-heated to 120 °C as in the 

normalization cycle. Pre-heating NaCl prior to OSL measurement showed increase in dose 

response [77]. CW-OSL emission was stimulated using blue laser (wavelength 470 nm) with 

5% of its maximum optical power of 40 mW/cm2 and stimulation time of 1,000 seconds. 

Temperature during OSL measurement was set to 25 °C. Luminescence signals were detected 

by the same equipment that was used for the photon count experiment. An aperture of 2 mm 

was also placed in front of the PMT to avoid detector saturation at the higher doses used in 

this experiment. 

 

4.5.3 Results and discussion  

The OSL response of each sample was estimated by integration of the first 120 seconds 

of the decay curve, with reduction of average background from the last 60 seconds of 
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measurement. NaCl grains exposed to beta irradiation showed high sensitivity in all dose 

ranges of this experiment (0.2 – 204.8 Gy, typically 1011 counts per gram per Gy). Dose 

response of similar character was observed for 90Sr/90Y irradiation of NaCl grains, stimulated 

by infra-red laser (880 nm) in the same dose range [83]. Semi-log of OSL decay curves for 

the various doses are shown in Figure 14. 

 

Figure 14 OSL decay curve from NaCl grains, irradiated with a variety of doses, normalised to 
OSL signal after beta irradiation of 10 seconds at dose rate of 0.1 Gy/second.  
 

 Figure 15 shows increase in total OSL emission signal during the first 100 seconds, as 

a function of applied dose, normalised to signal from 10 Gy irradiated sample. The inset of 

Figure 15 shows the linear growth of integrated OSL signal in the therapeutic dose range (0.1-

12.8 Gy). 
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Figure 15 OSL (integrated photon count) dose response, normalised to OSL signal after beta 
irradiation of 10 seconds at dose rate of 0.1 Gy/second; in inset – normalised integrated OSL at 
the therapeutic dose range (< 20 Gy), note the linear growth of OSL as a function of dose. 
 

4.5.4 Conclusion  

It was shown that samples chosen for this project have high radiation sensitivity, dose 

dependence and dose storage capability. Increase in the integrated OSL intensity, with 

increasing dose, was shown to be close to linear in the low, therapeutic dose range (0.1-12.8 

Gy), as shown in inset of Figure 15. Signal saturation was not achieved in this experiment, 

but the observed OSL dose dependence was significantly weaker for higher doses, above 25.6 

Gy. With proper characterisation, it appears a very promising candidate for dose verification 

in clinical work. 
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4.6 Radiation sensitivity-repeatability and reproducibility of OSL signal from NaCl 

grains 

 

4.6.1 Background   

Reproducibility and repeatability directly emanate from the sensitivity of material to 

applied ionizing radiation. When reading dose from radiation detector, the signal intensity 

depends not only on amount of ionizing radiation it was exposed to, but also on efficiency of 

the individual dosimeter to applied radiation, i.e. its capability to store energy as a result of 

exposure to radiation.   

Reproducibility of readout from a dosimeter, namely ability to display the same reading 

when exposed to identical radiation dose, applied to multiple dosimetry devices (of the same 

type), is an important feature of reliable dosimeter in radiotherapy. Even though different 

devices cannot be perfectly identical, it is desirable to have dosimeters as uniform as possible, 

with minimum corrections required to achieve accurate dose reading. Since this is not easily 

achievable, a calibration factor, with value unique to every dosimeter, is used to relate the 

dosimeter reading to applied dose for dose estimation [84]. This coefficient is calculated in 

the process of dosimeter commissioning and calibration, based on its distinctive signal 

response to a known applied dose.  

Repeatability is an important feature for reusable dosimeters, that is derived from 

material sensitivity to ionizing radiation, as reproducibility. A response is repeatable when 

every subsequent use would demonstrate identical reading for a dosimeter that was exposed 

repeatedly to the same radiation. In other words, material that exhibits repeatable results and 

does not suffer from sensitivity changes, both natural and usage related.  

Sensitivity to radiation depends on many factors, such as concentration of traps and 

recombination centres and charge localization in those centres. Repeatable irradiation and 
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readout of materials alters their sensitivity to radiation. These changes may lead to non-linear 

dose dependence during the use of the dosimeter and must be properly characterised. 

Ideally, there would be no sensitivity changes over subsequent runs. If changes are 

present but can be quantified and corrected for (meaning the variations are not random), such 

material can act as a dosimeter as well. If there are changes in read-out that cannot be 

quantified and corrected for, such material cannot be used for reusable dosimeter 

manufacturing. Sensitivity changes over repeatable cycles, induced by thermal and optical 

treatments, have been observed in NaCl [75], [85] and correction protocols such as Single-

Aliquot Regenerative dose (SAR), that have been developed to account for sensitivity changes 

[86] over multiple irradiation and readout cycles, were tested for dose regeneration. However 

no published sensitivity change correction protocols have yet proved successful to the fidelity 

required.  

Following irradiation, crystals are able to store a proportion of this energy as a function 

of lattice defect concentration (chapter 2). NaCl crystals used in this research were produced 

with the Kyropoulos process for crystal growth. This method was initially developed for 

growing large single crystal of alkali halides for optics, when crystal should be grown under 

low thermal stress conditions and allows to avoid cracks during production of large or brittle 

crystals [87]. The method incorporates strict techniques to control and reduce impurities 

density, however to our knowledge, there is no method to produce entirely pure crystal. 

Tolerance to the degree of impurities, chosen by manufacturer, depends on the future 

application of the crystal. Since the NaCl crystals used in this work were initially produced 

for optical applications, their purity degree might not have been controlled to the level required 

for consistent dose dependence. In fact, impurity concentration must be reduced to maintain 

optically clear material [88], whereas for dosimetry and radiation sensitivity, certain 

impurities and defects are required to exist in the crystal [24]. These contrary requirements 

lead to prediction that sensitivity differences can be expected in these NaCl crystals. 
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4.6.2 Methods 

For reproducibility examination, NaCl windows from three different batches (in order 

to obtain as diverse results as possible), were grained as described in paragraph 4.2. The grains 

were weighed and mounted on 9.7 mm diameter aluminum discs using silicone oil as adhesive. 

Optical windows that will be used for 2D dose deposition imaging (in the next chapters) will 

be taken from these batches, but not the same windows that were crushed for sensitivity 

measurements. The reason is that once the windows are partially broken to be used as grains, 

the surface fracture defects on the remaining window may contribute to uncontrolled scatters 

from edges and hamper the signal from the image. Seven samples were used: Sample 1, 2 and 

3 (batch #1); sample 4, 5, 6 (batch #2); sample 7 (batch #3). The procedure included the 

following steps: 

1. Removal of residual signal: glow-out by illumination with continuous wave blue LED 

(wavelength 470 ± 20 nm), at 90% of maximum optical power of 40 mW/cm2, with 

duration of illumination 1500 seconds at 25 °C. 

2. Irradiation by beta 90Sr/90Y source for 5 seconds, with dose rate of 0.1 Gy/second → 

total dose of 0.5 Gy. 

3. OSL stimulation and readout for 200 seconds. 

To verify a repeatable response of the crystals to the same radiation dose, the sequence 

described in 4.6.2 was repeated for 10 cycles. 
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4.6.3 Results and discussion  

The average weight-normalised values of OSL signal, integrated for 40 first seconds of 

optical stimulation, with reduction of background, is summarised in Table 4. 

 

 

∫ 𝑂𝑆𝐿
40 𝑠𝑒𝑐

0
[ 𝑜𝑢𝑛𝑡𝑠]

10
⁄  STD % 

Sample 1 825 537 104 939 13 

Sample 2 981 092 67 985 7 

Sample 3 962 286 61 773 6 

Sample 4 2 034 793 66 414 3 

Sample 5 2 849 413 96 032 3 

Sample 6 2 103 189 139 037 7 

Sample 7 2 225 740 153 183 7 

Table 4 OSL signal, integrated for 40 seconds of optical stimulation and averaged for 10 cycles 
of β irradiation, OSL readout and resetting. 
 

Average values of integrated OSL signal vary significantly between samples, with 345% 

difference between average integral values of the most sensitive sample 5, to the least sensitive 

sample 1. 

Integrated OSL intensity, as a function of cycle number, is shown in Figure 16. All 

samples exhibited a rapid increase in signal intensity for the first 3 cycles, with stabilization 

of sensitivity change rate afterwards.  
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Figure 16 OSL signal reproducibility and repeatability from NaCl grains. Grains were given a 
dose of 0.5 Gy in 10 cycles. OSL was measured and integrated for 100 seconds, and residual 
OSL was optically reset between readout cycles.  
 

Such phenomenon of OSL-induced sensitivity change was observed in other works [75] 

but with short bleaching time of 100 seconds , and the character of this change depends on 

sample temperature during measurement. It was also observed with IR-stimulated, dose 

dependent luminescence [89]. The cause of this effect is not completely clear. It could be as a 

result of non-first order kinetics, when deep traps compete with recombination centres – 

during irradiation or by OSL stimulation that transfers some of the charges to these traps, 

rather than to recombination centres. Once the deeper traps are filled and cannot be emptied 

by the optical stimulation, the signal stabilises and shows consistent result for all seven 

samples. In addition, another work by [85] showed that depending on pre-heat temperature,  

sensitivity of NaCl to irradiation increased during first few cycles, but then started to decrease. 

Rapid sensitivity increase of irradiated material, followed by slow to negligible decrease over 

repeating cycles was predicted using simulation of the process for quartz [90] and feldspar 

[89]. Sensitivity to irradiation can increase or decrease upon repeated irradiation and readout 

cycles depending on the proportion of unbleached centres, total dose deposited to the crystal 

over its lifetime and parameters of previous bleaching.  From comparison of real and simulated 
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data for repeatable irradiation cycles of quartz, the changes are explicable as a result of 

shallow and deep trap effects. Simulation also showed dependence of sensitivity change on 

bleaching time in unheated samples, whereas real data did not show such trend. On the 

contrary, results of work done on feldspar agreed with simulation trends.  

To characterise and understand this behavior for individual material further experiments 

are required, with consideration of parameters affecting the outcome. Most probably, different 

batches of samples were grown and manufactured from different crystals, and there is a chance 

to have crystals with different radiation sensitivity (as was mentioned before, in case the 

product was manufactured for purpose, other than dose storage and no process control was 

done relating parameters impacting dosimetry). However, even in the same batch the 

sensitivity may vary, as there is no quality test that would verify the location where the sample 

is taken from the core crystal and the quality control is not focused on the defects specifically, 

but on meeting standards of optical transparency. The results of OSL measurements, shown 

in Figure 16, affirm this claim by exhibiting wide variations in their sample-to-sample 

response of a magnitude not seen in studies based on purpose-fabricated dosimeter materials. 

Samples 1, 2 and 3, were purchased in the same batch. Their OSL response to the dose of 0.5 

Gy is about ½ or less the other samples, whereas variations within the batch are much smaller, 

but not negligible: the average signal of the weakest sample is ~82% of the strongest signal in 

this batch. However, in the second batch, that was purchased several months later (samples 4, 

5 and 6) sample 5 had much stronger signal than the other two. Sample 7 was part of a third 

batch, and its intensity was similar to that of samples 4, 5 from batch 2. These results visualise 

the proposition that every individual crystal can have different sensitivity to irradiation that 

must be calibrated prior to its use in dosimetry. In addition, since in radiotherapy plan 

verifications an extremely accurate dose assessment is required, the crystal produced for dose 

measurements would be as uniform as possible, with pre-defined defect density and impurity 

concentration, suitable for effective energy storage and dose readout. 
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4.6.4 Conclusion 

Concentration of defects, and as a result, sensitivity to exposure to ionizing radiation of 

crystals is responsible for radiation storage capabilities. NaCl windows used in this work were 

manufactured to be used as highly transparent optical windows. This is also one of the reasons 

they were chosen for this experiment: their good transmittance in the UV range, that should 

allow detection of most of the emitted UV OSL signal. However, since specific application 

requirements were not specified when ordering the samples as it was an off-the-shelf product 

at this stage, they were not designed and grown for radiation storage purposes and these 

crystals showed non-reproducible results, with significant dose sensitivity variations 

identified between different samples.  

Ideally, a material that is chosen to be used for dose determination would have as 

uniform defect density as possible between different dosimeters of this material and will 

require a careful tracking of the growth process and quality control checks to also focus on 

defect suites and their concentration. With controlled process of crystal growth, the crystals 

could possess more uniform defect distribution, and as a result, more uniform sensitivity, 

leading to more reproducible response. 

Another important result is sensitivity change over repeatable cycles of the same crystal. 

Rapid increase in readout signal for the same introduced dose was detected for first ~2 cycles 

of irradiation – readout – resetting. From cycle ~3 and onwards the sensitivity change is 

significantly slower but cannot be neglected. This is a known response to repeatable 

irradiation and readout cycles with various stimulating wavelengths, observed in crystalline 

materials such as salt, feldspar and quartz. Correction and dose regeneration methods are 

available and described in many other works, mainly in dating and retrospective dosimetry 

[75], [89]. 

The aim of this work is to characterise a three-dimensional reusable dosimetric material. 

Considering edge effects and surface defect density present in bulky 3D material versus 

microscopic grains, as well as defects that could be introduced during the graining process, 
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the character of sensitivity change for repeatable irradiation cycles could be different for the 

small grains and large crystals. Therefore, a correction method should be developed to be 

suitable for large-scale crystal, with consideration of all the relevant parameters that could 

impact the response of such crystal to repeatedly applied irradiation and stimulated signal 

read-outs. Repeatability of dose read-out from a large crystal needs to be characterised, since 

the results, received from cycling the grained NaCl as described above, cannot be applied to 

a large crystal. Also, based on previous works that showed lower sensitivity changes after 

multiple cycles at elevated readout temperatures [75], such approach can also be considered 

for dose readouts as long as the temperature does not contribute to the loss of signal as a result 

of glowing out of the radiative traps.  

  

4.7 Feasibility of two-dimensional dose distribution imaging using optical stimulation 

of irradiated NaCl crystal 

 

4.7.1 Background   

Previously, as reported above, the irradiation and OSL stimulation were given to grains 

in the size range of 130 – 180 µm and might be considered as a uniform dose distribution. 

Irradiation and excitation patterns of large area samples, such as optical windows, have a 

different character. When irradiating a large window, dose is not necessarily evenly 

distributed and the stimulating laser beam hits only a small portion of the sample. However, 

this can be exploited to enable application of large area crystals as volume dose sensors, 

allowing detection of a three-dimensional dose distribution pattern. 

 

4.7.2 Methods 

The NaCl windows used in this experiment were similar to the samples in the 

radioluminescence measurements (4.3). The readout setup was designed to be able to localise 
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the origin of the UV photons emitted as a result of optical stimulation of the previously 

irradiated NaCl windows. The laser entered the short side of the window (23 mm × 5 mm), 

whereas the camera was placed in front of the window face (23 mm × 41 mm), maximizing 

the surface facing the imaging system. The readout setup included a 21 mm thickness Thorlabs 

ACL5040U condenser lens (f = 40 mm), and 1’ Schott UG11 filter of 1 mm thickness, to 

reject scattered blue light from the stimulating laser. Imaging was performed with Thorlabs 

1501M-USB-TE 1.4 Megapixel Monochrome Scientific CCD Camera with effective number 

of pixels (horizontal × vertical) 1392 × 1040. Imaging settings of the camera were binning 

24  × 24 pixels (image size 58 × 44 pixels), 1000 msec exposure time and frame rate of 1 

FPS. The camera was active 10 minutes prior to OSL measurements, to effectively eliminate 

thermal impact on the measured intensity.  All measurements were performed at room 

temperature.  

A schematic diagram of the imaging setup with dimensions of the optical components, 

the laser path (blue arrow) and collected emission light  (purple lines) are shown in Figure 17. 

 

Figure 17 Imaging setup, with numerical values of optical setup for OSL imaging, light 
stimulation using 487.5 nm laser (blue arrow) and collection of emitted signal (purple) from 
irradiated NaCl crystal. 1mm UG11 filter was used to reduce the scattered blue laser light from 
entering the imaging sensor. 
 

The parameters that will affect number of detected photons, emitted during OSL 

stimulation are: 
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Solid angle Ω = 2π (1 – cosθ) = 0.039 sr → 0.039 out of 4π sphere = 0.0031 = 0.31% of 

the emitted photons 

Lens transmission at 355 nm = 82.25% for 10 mm → ~67% with 21mm lens 

Filter transmission at 355 nm ≈ 85% for 1 mm 

Camera quantum efficiency at 355 nm = 25% 

Photons, emitted after self-absorption in the crystal (see detailed calculation in 

Appendix A) = 96.6% 

From the estimated number of emitted photons is ~3.4 × 109 (4.4). Applying optical 

system limitation described above – 3.4 × 109 × 0.0031 × 0.67 × 0.85 × 0.25 × 0.966 ≈ 

≈ 1.5 × 106 photons are expected to reach the detector. 

 

Stimulation laser 

The experimental setup consists of a 487.5 nm laser, which was built for this purpose 

and developed at the University of Adelaide for this project. A linearly polarised Tm3+-doped 

fibre (TDF) laser is frequency doubled down to 975 nm using MgO:PPLN crystal as reported 

by [91]. A near diffraction limited output at 975 nm with an output power of 2.3 W and 

conversion efficiency of 19% was demonstrated.  The system was further frequency doubled 

to a 487.5 nm with maximum power achieved up to ~400 mW with diffraction limited beam 

quality. During the course of the project the laser showed power and beam quality 

reproducibility and operational reliability. The laser power setting used in our experiment was 

set to 100 mW. 

 

Irradiation pattern 

The NaCl windows were irradiated with dose of 10 Gy from a superficial x-ray unit 

(SXR), with a 100 kVp, 3 mm Al HVL beam. The dose distribution was as follows: a uniform 

distribution and radiated stripes, perpendicular to the direction of the laser beam. In the 
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imaging mode, the decay in intensity of each pixel on the image can be attributed to a specific 

location on the optical window. The dose distribution patterns are shown in Figure 18.  

 

Figure 18 Irradiation patterns a) uniform distribution; b) stripe, perpendicular to the direction 
of the stimulating laser beam. 
 

Prior to laser activation, the camera was turned on and background was recorded for 20 

minutes; this long warm-up was required since the camera exhibited an increase in 

background counts while sensor heats up and thermal noise increases, until background 

stabilization. Once background was stabilised, laser was activated, and the signal was 

measured for another ~20 minutes from laser activation. 

  

4.7.3 Results and discussion 

Figure 19 shows the irradiated salt window 3 and 5 seconds after the beginning of laser 

stimulation. The light intensity that is significantly lower after 5 seconds of stimulation 

indicates that the detected light can be attributed to OSL or related phenomena, and not 

stimulation light scattered from a sample. However, a factor other than OSL that could 

contribute to the appearance of rapid signal decay is scattering from colour centres introduced 

to the NaCl crystal by x-ray irradiation. Similar to OSL, detrapping of colour centres is related 

to the band structure of the crystal in question. Unlike scattering from an empty sample, where 

the measured frame intensity upon illumination with a laser is constant (this will be shown in 

more detail in the next chapter), in the case of scattering from colour centres the signal can 

have character similar to OSL, as both the phenomena are fundamentally controlled by charge 

detrapping processes. This should be taken into account when characterizing the detected 

emission from the irradiated crystal. 

a) b)
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Figure 19 Light detected from irradiated NaCl window after 3 seconds stimulation by 487.5 
nm, 100 mW laser; b. light detected from irradiated NaCl window after 5 seconds stimulation 
by 487.5 nm, 100 mW laser. 
 

The intensity of each pixel of the imaged NaCl window upon laser stimulation was 

obtained by integrating the emitted signal over 150 seconds of laser activation, with 

subtraction of background. Three-dimensional representations of luminescence from a 

stimulated sample are shown in Figure 20. Figure 20a. shows the intensity of uniformly 

irradiated NaCl window, whereas Figure 20b. shows the intensity of the stripe-irradiated 

sample. Figure 20c. and d. show the signal intensities for pixels along the laser beam, labelled 

with 1, 2, 3 and 4, for the duration of the measurement. Strong signal is detected along the 

beam path inside the uniformly irradiated sample, whereas for the sample with stripe-

irradiation, the strong signal originates from the specific irradiated area only, which is the 

location of the stripe. In uniformly irradiated samples there are small variations in signal 

intensities at different points, whereas in stripe-irradiated samples the signal is about one order 

of magnitude stronger at the stripe, compared to surrounding locations.  

It is important to note that back reflection from the sample edges (in this case, from 

distal-left side of the sample) contributes to the strong signal measured at the edge. This signal 

could not be completely removed by subtraction. Following optical stimulation, two 

significant increases of light intensity from the NaCl window were observed in the path of the 

a)

b)
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laser, followed by rapid signal decay, as shown in Figure 20 (c, d). The two peaks can be 

interpreted as indicating the presence of at least two trapping centre populations, where the 

first intensity increase corresponds with initial detrapping and the second (delayed) increase 

corresponds with detrapping of shallow traps from the second population, created by 

phototransfer as a result of continuous laser activation.  The decay pattern shown at Figure 

20c. and Figure 20d. indicates the signal decay as would be expected from OSL, but which 

may also be as a result of scattering from colour centres, depleting during laser activation, or 

both.  

 

Figure 20 Signal intensity (a, b) and signal decay (c, d) from NaCl optical window along 487.5 
nm, 100 mW laser beam in uniformly (a, c) and stripe-irradiated (b, d) sample. Signal, shown 
in a) and b) was integrated over 150 seconds of laser activation. 
 

Figure 21 illustrates the intensity profiles, with profile sampling directions indicated in 

insets of each plot. Figure 21a, b. show intensity profile pixel by pixel along the laser beam 

path, integrated over emission signal for 150 seconds, with subtraction of background for 
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uniformly (a) and stripe-irradiated (b) samples. Figure 21c. and Figure 21d. are the vertical 

beam profiles of uniformly (c) and stripe-irradiated sample (d), perpendicular to the beam 

direction. In case of the stripe-irradiated sample, it is parallel to the stripe irradiation pattern. 

The horizontal profile of the uniformly irradiated sample shows only small signal intensity 

variations along the laser beam, as expected. Non-uniformity of uniformly irradiated optical 

window can be as a result of physical defects, causing local scattering, as well as reflections 

from sample edge. The stripe-irradiated horizontal profile showed a high signal intensity at 

pixels that correspond to the location of the strip on the sample. Low, but not negligible signal, 

measured along the laser beam of this sample, outside the irradiated volume, can be attributed 

to low doses, deposited at these locations, during irradiation. From the vertical profile of both 

samples it is clearly visible that no signal is detected at points that were not stimulated by the 

laser.  

 

Figure 21  (a, b) Horizontal profile of signal intensity along laser beam in uniformly irradiated 
NaCl window (a) and stripe-irradiated NaCl window (b) window respectively; (c, d) – vertical 
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profile (perpendicular to stimulating laser beam) in uniformly irradiated (c) and stripe-irradiated 
(d) NaCl windows. Insets in each plot indicate the direction of the stimulating laser beam and 
profile acquisition. 
  

4.7.4 Conclusion 

The OSL signal intensity is dependent on the number of electrons trapped in crystal 

defects following irradiation, hence the signal intensity at any point along the laser path is a 

measure of the absorbed dose at that point. The colour centre density is also dependent on 

dose in similar manner and with proper characterisation, scatter of stimulating photons 

proportional to the density of colour centres, can be used for imaging irradiation patterns as 

well. Localised signal, detected in this work, could be attributed to one or both mechanisms 

and will be investigated in further work. In both cases, the signal is a measure of dose 

deposition in the crystal and could be potentially used for dosimetry. 

In clinical treatment plans, the dose, applied to the tissue is not uniform: the dose 

prescription depends on various factors such as target volume shape and location, proximity 

to organs at risk and the radiation sensitivity of the tumour and surrounding tissues. Therefore, 

the ability to accurately quantify the dose applied to a point in an irradiated detector volume 

or substrate is an important feature in 3D dosimetry. Imaging of signal from irradiated NaCl 

optical windows using blue laser stimulation is shown to be potentially feasible for 3D dose 

localisation within the detector crystal volume. Back reflections observed from the edges of 

the crystals may significantly impact the dose readout at these pixels. Ideally the scattered 

stimulation photons would be completely removed by optical filtration, designed for the 

stimulation wavelength. However, the 3D dosimeter can be designed in a way that its central 

volume is used for dose measurement and localisation, whereas the edges would not be used. 

Further investigations that verify the reproducibility, reusability over repeated dosing – 

measurement cycles and dose dependence of the detector crystal will be discussed in next 

chapters. 
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4.8 Summary   

In the above study the feasibility of 3D OSL dosimeter is investigated. After a selection 

of commercially available optical window materials were evaluated for their TL dose response 

properties (chapter 3), NaCl was identified as the best candidate for further research and 

extension of study to OSL.  

Different sensitivity to similar dose was found in the NaCl crystals. It can be attributed 

to different defect density in the crystals that were not manufactured for dose measurements. 

In future, if these crystals show favorable properties for 3D dosimetry, their growth process 

will have to be more controlled, in a way that their defect density, and as a result dose storage 

capability, are as uniform as possible. 

Repeatable irradiation and readout cycles showed rapid sensitivity change at the first 

runs, with much slower changes afterwards. Once accurate dose imaging techniques are 

available for 3D dose deposition, sensitivity correction algorithms will have to be developed, 

to minimise the sensitivity changes between cycles as much as possible. 

Following OSL dose dependence evaluation from NaCl grains, and radioluminescent 

spectra observation from NaCl crystal, a system for three-dimensional dose deposition 

imaging reading was designed.  It was shown that a signal emerging from irradiated and 

optically stimulated crystal can be localised by the proposed imaging system. This information 

can lead, with proper characterisation of other dosimetric properties (such as dependence of 

signal on dose rate, irradiation energy, fading etc) to the development of a system with three-

dimensional dose verification capabilities.  
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Chapter 5 

 

Characterisation of response to irradiation and dosimetric 

properties of NaCl optical windows 

5. Characterisation of response to irradiation and dosimetric properties of NaCl 

optical windows 

5.1 Introduction 

Once feasibility of dose localization has been demonstrated, the next step is more 

thorough characterisation of the received signal from the optically-stimulated 3D crystal. The 

difference in response to stimulation between 100 µm – scale grains and large cm – scale 

crystal may arise from many factors. Some factors could be on the macroscopic scale, for 

example attenuation of the stimulation beam in the crystal volume. On the microscopic scale, 

the process of crushing and sieving to produce grains could introduce defects to the material, 

possibly both changing the population of existing defect types or introducing a new “crushing” 

signal, leading to different behavior during energy storage or emission stimulation. 

 

5.2  Design of an optical setup for dose deposition imaging 

The NaCl windows, used in this experiment, were similar to the samples in the 

radioluminescence and imaging feasibility measurements (chapter 4). 

Five NaCl windows from 3 different batches were exposed to radiation, uniformly 

distributed in the sample from a superficial x-ray unit (SXR), with a 140 kVp, 11 mA, 8 mm 

Al HVL beam. The doses used in this experiment were 1, 2, 4, 8, 10 and 15 Gy. Each sample 

was exposed to every dose 2 – 5 times. To allow stabilization of the system, and to avoid 
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contribution of short-lived traps to the overall signal, all measurements were performed 2 days 

after radiation exposure.  

 The readout setup used for examination of imaging feasibility (chapter 4) was upgraded 

to reduce unintentional exposure of the sample to ambient light, as well as to reduce reflections 

of the laser beam leaving the sample: an “AcktarTM” laser beam dump was added to absorb 

the beam emerging from the optical window, to reduce stray light reflection within the box. 

The NaCl sample, beam dump and the focusing lens were covered with a Thorlabs optical 

enclosure, with access holes made only for the laser beam entrance and for the camera lens.  

 A proportion of the laser beam was deflected using a microscope glass slide from the 

beam path towards the photosensor, to record the laser intensity in real-time. This data is used 

to correct the recorded signal for fluctuations in intensity of the stimulating laser beam, since 

the rate of the detrapping process is dependent on the power of the stimulating laser [67]. 

Laser intensity was monitored using Thorlabs a PDA100A – Si Switchable Gain Detector, 

displayed using a Picoscope 2000 series oscilloscope and controlled by Matlab-based code 

supplied by Dr. C. Whittaker.  

 A thermoelectric (Peltier) module was used to maintain the camera sensor in the 

constant temperature range (17 °C – 18 °C) to avoid background intensity changes that could 

contribute to total photon count and change the integrated values. More detailed discussion 

on the cooling setup and temperature dependence of camera background is presented in 

Appendix B. The laser that was used in this work was a nominal 25 mW, diode-pumped 475 

nm solid state laser (Crystalaser, USA). The power of the laser, as measured on the sample 

was ~6.5 mW (actual laser power, emerging the laser was 10 mW and after a removal of a 

portion of the beam with the microscope glass slide). The irradiated samples were stimulated, 

and emerging signal was recorded, for ~ 5 minutes. The camera (as used in chapter 5), was 

used here: binning was set to 24 × 24 pixels as previously, however, imaging rate was set to 

3 frames per second and 330 msec exposure time, as opposed to 1 frame per second in the 

feasibility experiment, with 1000 msec exposure time. This frame rate was chosen to allow 
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accurate recording of the decay of the signal, especially at the first few seconds, while 

maintaining good signal-to-noise ratio (SNR). Laser intensity sampling rate was set to 3 

frames per second as well. The imaging setup is shown schematically in Figure 22.  
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Figure 22 Optical setup for stimulation and imaging of laser-stimulated signal from irradiated 
NaCl crystal. 
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5.3 Two-dimensional radiation deposition imaging of x-ray irradiated NaCl window

  

5.3.1 Methods 

A sequence of images from irradiated and laser-stimulated sample was recorded for 

approximately 5 minutes. To analyse the character of the collected signal, the imaged frames 

were summed up after laser activation of 1 second, 150 seconds (2.5 minutes) and 300 seconds 

(5 minutes). The data integrated for various durations will provide detailed information on the 

nature of the signal emission progression from irradiated NaCl crystal at different stages of 

laser stimulation, as a function of applied dose. After integrating the images in the video 

sequence, pixel intensities were inspected from each sample along the laser path, to build the 

horizontal beam profile for each dose. 

 

5.3.2 Results and discussion  

Horizontal profiles of laser-stimulated signal from irradiated NaCl crystals, as collected 

after 1 second, 2.5 minutes and 5 minutes are shown in Figure 23 . Note the variations in the 

profile shape, with higher signal intensity from the sample face, proximal to the laser entrance 

(left hand side on all images of Figure 23). More specifically, the difference in signal intensity 

is more evident at the first second of measurement. This difference between proximal and 

distal signal intensities increases with dose administered to the crystal and starts to diminish 

when longer integration times are used for profile calculations.  
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Figure 23 Laser beam profiles, measured after administering NaCl crystal with various 
radiation doses and integrating the blue laser-stimulated emitted signal for different time 
durations.  
 

Attenuation of the stimulating laser beam within the crystal is responsible for this 

deviation in profile form.  Irradiation of a crystalline material leads to trapping of charges 

within defects. Some of these defects, anionic vacancies, can capture an electron that will then 

absorb light and lead to creation of colour centres that give the crystal a characteristic colour 

(2.1); in case of NaCl – brown shades – absorbing a range of blue wavelengths. At the 

beginning of laser stimulation, as dose-dependent charges trapped in the crystal lattice defects 

after the irradiation interact with incoming stimulation photons, they attenuate the beam as it 

traverses the material. At this early stage of exposure, the difference in intensity of proximal 

versus distal pixel is the highest, because highly concentrated defects significantly attenuate 

the stimulating laser beam. This is most clearly seen for the samples with 8 Gy, 10 Gy and 15 

Gy (Figure 23 j, m, p). Looking at longer integration times, as the beam emptied the traps and 

the colour centres at the proximal crystal end, and stimulating photons are able to penetrate 

deeper in the crystal, releasing more distant charges, the slope of the profile became more 

moderate at higher doses (10 Gy and 15 Gy, Figure 23 k, l, n, o, q, r); flat at lower doses (1 

Gy and 2 Gy, Figure 23 b, c, e, f) and convex shaped at 4 Gy and 8 Gy (Figure 23 h, i, k, l). 
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The influence of applied dose on the attenuation pattern can be observed from the profiles of 

4 Gy and 8 Gy, with 8 Gy sample having a convex profile with slight incline from proximal 

to distal faces. Such shapes can be explained by rapid relaxation of trapped charges at the 

proximal side of the crystal at the beginning of the stimulation;  as this zone is emptied over 

time and does not attenuate the beam as much as at the beginning, the signal at the centre of 

the sample becomes stronger than at proximal zone. Concentration of trapped charges and 

colour centres at the centre does not allow a significant portion of the beam to reach the distal 

end of the sample, leading to lower signal emission and essentially to the convex shape.  

In comparison, a signal, recorded from an undosed new NaCl window  (a sample that 

has never been irradiated), using the same setup as described above, is shown in Figure 24. 

Figure 24a and Figure 24b show a surface view of the image, indicating uniform noise 

detected from the sample, integrated after 1 second and 300 seconds of stimulation. Light 

reflected from the edge at the distal face is the only location with intensity change. Figure 24c 

and Figure 24d show horizontal profiles of the image along the laser beam after 1 second and 

300 seconds of stimulation. No intensity change was observed between entrance and exit sides 

of the laser, indicating that the counts can be attributed to noise and not scattered stimulation 

light. Figure 24e shows frame-by-frame intensity of a single pixel along the stimulation path, 

from the beginning of laser activation, of the new sample compared to a sample that was 

irradiated with 1 Gy. Intensity decay pattern, characteristic to OSL, was observed from the 

irradiated NaCl but no signal was detected from the new sample. 
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Figure 24 Surface view (a, b) and horizontal profile (c, d) of new, not irradiated previously 
NaCl sample after 1  and 300 seconds of integration. e) Comparison of signal intensity change 
of a single pixel along laser path of new NaCl crystal and a crystal with the dose of 1 Gy. 
 

5.3.3 Conclusion 

In radiotherapy the treatment plan verification, the desired dose at every voxel of the 

treatment volume is pre-set, but actual dose, applied to the tissue is unknown and needs to be 
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verified. Uniformly applied dose should lead to uniform horizontal profile along the 

stimulation path (effectively all traps released), which is not the case, as was shown in this 

study. The observed horizontal profile changes as a function of dose and integration time, 

given to the crystal, lead to the conclusion that all signal must be collected from the sample, 

to determine the dose (as opposed to studies, conducted on point OSL dosimeters, that allowed 

multiple dose samplings [66]. Maximum integration time that was achievable in this work was 

5 minutes. Based on the horizontal profiles of 4 Gy and up, which did not exhibit flat shape 

this duration was not sufficient to collect all the signal; this will impact the dose estimation, 

with underestimation of high doses. However, this obstacle can be overcome with optical 

setup and readout optimization, as will be discussed in the summary of this chapter.  

 

5.4 Crystal sensitivity to irradiation – repeatability and reproducibility 

 

5.4.1 Methods 

In order to achieve a reliable dose reading upon repeat cycles from a dosimeter, its 

response to repeated dose deposition must be assessed. Ideally there will be no change in 

readout for the same dose deposition. However, if sensitivity changes occur but can be 

quantified, such a dosimeter can still be suitable, with application of a correction method. 

Different sensitivities of individual dosimeters must also be determined, with calibration to 

known values. 

Horizontal profiles of equivalent doses on different days (repeatability) and from 

different samples (reproducibility) were compared, using 5 minutes of signal integration (to 

allow near-complete signal collection and to maximise signal-dose accuracy). Ideally, there 

would be no difference in profile intensities at the same dose between multiple measurements 

and from different crystals. As was demonstrated in chapter 4, grains of NaCl, used in this 

work, showed repeatable OSL response (with slight sensitivity changes that could be 

quantified) when irradiated to the same dose several times. However, OSL signal from 
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irradiated grains, extracted from different crystals exhibited a broad range of signal intensities, 

indicating variations in crystal sensitivity to irradiation and/or OSL production efficiency.  

 

5.4.2 Results and discussion  

Repeatability:  

A sample of high sensitivity and good SNR was chosen to investigate the repeatability  

results. Comparison of signal profiles from the representative NaCl crystal, irradiated to 1, 2, 

4, 8, 10 and 15 Gy, on several occasions are grouped per dose and shown in Figure 25. Edge 

effects (reflections) varying between the measurements were detected at the proximal and 

distal faces of the sample, contributing to non-uniformity of the profiles close to the sample 

edges. Noise that appears to be significant at lower doses and weakens compared to signal as 

dose gets higher contributes to signal deviation as well (this will be analysed in more detail in 

paragraph 5.5). Despite the edge effects and the non-negligible SNR, it can be clearly seen 

that the profiles considerably match, especially at the centre of the sample where edge effects 

have less impact. 
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Figure 25 Repeatability (average horizontal profiles) of laser-stimulated signal at similar doses 

from a single NaCl crystal. 

 

Reproducibility:  

Average profiles of five different samples grouped per administered dose are shown in 

Figure 26. At lower doses (1 Gy) there is not much difference between profiles of different 

samples. However, from 2 Gy the difference in signal becomes more evident, and from 4 Gy 
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there is significant difference between the samples, indicating difference in their growth curve, 

saturation level and sensitivity to radiation.  

 

Figure 26 Average integrated horizontal profiles of irradiated NaCl crystals at the various 
administered doses, showing the variations with dose of the OSL intensities of the different 
samples. 
 

From Figure 26 it is seen that the rate of profile change as a function of dose differs between 

individual samples. For example, at 4 Gy (Figure 26c) sample b’ and sample d’ exhibit similar 

signal intensity along the profile, apart from differences at the proximal edge. However, the 
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profile of sample d’ is closer but weaker than profile a’ at 10 Gy and is the strongest at 15 Gy. 

This finding implies that sensitivity differences between the crystals have impact not only on 

the final measured signal, but also on the rate of readout, and demonstrates the importance of 

complete trap emptying in order to determine the dose absorbed by the crystal. Low intensity 

samples (c’ and e’) demonstrated weak signal, low SNR and high standard deviation at all 

doses, therefore data from these samples will be displayed for reference only where relevant 

but will not be analysed. Statistical error contributes to deviations in profiles intensities since 

only two to five measurements were performed at each dose for each sample. 

 

5.4.3 Conclusion  

Comparison of profiles of equal dose from the same sample showed promising 

repeatable results. However, to make accurate readings of continuous dose distribution 

patterns with good spatial resolution, the SNR in our measurements is not acceptable for a 

number of reasons specific to the current test set-up and apparatus. For example, edge effects 

such as reflections from entrance and exit faces make dose distribution unreadable at these 

areas. Improvement of imaging capability to reduce readout noise would require revision of 

the optical setup: a focusing lens to  more effectively transmit the emitted signal; optical 

filtration to block scattered stimulating light when the dose is being measured using OSL; a 

fast camera with highly sensitive sensors to allow more accurate photon count regardless of 

imaging method in use (OSL or scattering measurements). A stronger laser would also 

contribute to more accurate dose readout from each pixel along the beam. It would enable 

faster OSL readout by inducing faster charge detrapping and recombination in the dosimeter 

lattice as well as achieve stronger signal intensity per unit time and allow full signal collection 

(full radiative detrapping of charges from crystal lattice). More repetitions should be 

performed to minimise the statistical errors, however in case of an improved imaging setup 

with high quality components, the differences between measurements will reduce. 
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5.5 Dose dependence of emitted signal from x-ray irradiated NaCl windows  

 

5.5.1 Methods 

Following profile characterisation for the different samples, and with several applied 

doses as a result of stimulating beam attenuation, dose dependence of the signal was assessed 

individually for several chosen pixels along the laser path. However, having noisy signal along 

the profile required the averaging of multiple pixels of the profile, instead of plotting dose 

dependence for each pixel. Five locations along the profile were chosen to represent the dose 

dependence of NaCl crystal, with average of 3 pixels at each location, as shown on an arbitrary 

profile in Figure 27.  

To avoid as much as possible reflection from edges, zones of interest that are the closest 

to the laser entrance and exit faces were chosen at a distance of 7 pixels from the crystal edges.  

 

Figure 27 Arbitrary profile, as imaged during blue laser stimulation of irradiated NaCl crystal, 
with identification of locations (red), and neighbouring averaged pixels (orange) that will be 
used for dose dependence indication. 
 

5.5.2 Results and discussion 

Dose dependence of the five locations along the profiles are shown in Figure 28 after 

integrating the signal for 1 second, 90 seconds (1.5 minutes), 150 seconds (2.5 minutes) and 

300 seconds (5 minutes). 2 – 3 measurements per dose were included for each sample.  
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Figure 28 Dose dependence of proximal, central and distal zones along laser stimulated 
profiles after integration for increasing time duration. 
 

Figure 28a shows, in agreement with attenuation pattern (Figure 23), that after 1 second 

the further the pixel is located from the laser entrance face, the weaker the recorded signal 

intensity is. Applied dose has also a significant effect on the overall dose dependence pattern, 

when loss of linearity can be easily seen starting the dose of 4 Gy for locations 4 and 5, and 

15 Gy for locations 2 and 3 as well. The decrease in signal intensity with higher dose as a 

function of distance from laser entrance face can be explained by lower detrapping rates by 

the increasingly attenuated laser beam – a smaller proportion of traps is being emptied per 

voxel, further from the entrance face of the crystal compared to the voxels close to entrance 

face. The longer the duration of integration, the closer the values of integrated signal to each 

other at higher doses. However, after 5 minutes of integration, there is still ~20% difference 
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between first and last points of interest at 10 Gy and 15 Gy. It could be partially as a result of 

statistical error or the crystal beginning to saturate. However, saturation is unlikely based on 

previous work on NaCl dose dependence (chapter 4). Based on the decrease of discrepancy 

between the zones on the profile as a function of integration time it is expected that longer 

integration times would give more accurate dose readout and allow building a dose response 

curve for estimation of unknown dose. Due to the measurement duration chosen for this work, 

it was not achievable, at this point, to test integration times longer than 5 minutes.  

Regrouping the dose dependence plots by individual location (Figure 29) reveals not 

only the obvious increase in signal total magnitude with integration time, but also the changes 

that happen at the specific location, which are expressed in the shape of the dose dependence 

graphs. 
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Figure 29 The change of dose dependence plotted as a function of integration time at various 
locations along the horizontal profile of stimulating laser beam. 
 

It is clear that for shorter integration times, the dose dependence plot appears to be 

saturating at higher doses. The shorter the integration time and the further the location along 

the horizontal profile from the proximal face, the lower the dose where “saturation” occurs. 

Thus, at points 1 and 2 (Figure 29a, b, red and blue markers), the plateau starts to show 

between 10 Gy and 15 Gy, for integration times shorter that 5 minutes. At more distant points 
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3, 4 and 5 (Figure 29c, d, e), the plateau seems to appear at lower doses, between 8 Gy to 10 

Gy with integration of less than 5 minutes. In addition, at point 5, the furthest point from laser 

entrance face, the plateau seems to appear even after 5 minutes, unlike with the other points. 

It is hard to determine at what exact dose the deviation from linearity begins based on these 

measurements due to the discrete values of the applied doses. With the longest integration 

time, used in this work, the dose dependence becomes near linear at all locations along the 

profile with the exception of the furthest point 5.  

To assess the accuracy of dose measurement of each sample, standard deviation (STD) 

values, received from averaging the 2 – 3 irradiation and readout cycles, performed for each 

applied dose, were compared. While average values of integrated signal as a function of dose 

exhibited near linear dose dependence when integrating the emitted signal for 5 minutes, as 

shown in Figure 28 and Figure 29, high standard deviation (STD) was observed, with strong 

dependence on applied dose and specific crystal.  

To get a better impression of the impact of individual crystals on the measured value, 

STDs from average signal (from all applied doses), integrated for 5 minutes per location per 

sample are summarised in Table 5 and STDs per dose per sample (along the entire horizontal 

profile, at five locations) are summarised in Table 6, providing more explicit information on 

the accuracy and repeatability of the measurements. The STDs here are presented as % from 

the average values. 
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STD (%) of average integrated signal per location per sample 

location Sample a’ Sample b’ Sample c’ Sample d’ Sample e’ 

1 9.6 11.2 15.4 14.3 18.4 

2 12.4 11.5 17.2 12.8 18.4 

3 10.1 11.2 17.1 12.6 22.1 

4 7.9 10.0 18.8 14.4 22.7 

5 9.3 9.3 18.8 10.0 20.0 

Table 5 Standard deviation (in %) of average integrated signal per sample per location along 
the horizontal beam profile. Every value represents the average STD of all applied doses at the 
specified location of each sample. These values represent the accuracy of measured dose as a 
function of location along the horizontal profile. 
 

 

 
STD (%) of average integrated signal per dose per sample 

Dose Sample a’ Sample b’ Sample c’ Sample d’ Sample e’ 

1 16.0 14.0 14.2 17.4 22.6 

2 14.9 16.2 11.0 9.7 18.0 

4 4.2 6.7 14.8 17.4 18.0 

8 6.3 7.0 10.4 10.1 13.9 

10 6.0 6.8 18.7 11.6 11.2 

15 11.9 13.1 35.7 10.6 38.1 

Table 6 Standard deviation (in %) of average integrated signal per sample per delivered dose. 
Every value represents the average STD along the entire range of horizontal profile (at 5 
locations) per applied dose. These values represent the accuracy measurement at each dose. 

 
 
The parameters that influenced the STD in this work are dose, which although 

intrinsically of good precision, inevitably, lower doses mean lower counts in total, and 

therefore lower precision here (normally, STD was higher for lower doses, Table 6); specific 

sample, with better values (lower STD) for samples a’ and b’. The points of interest (1 – 5) 

were chosen in an attempt to collect sufficient information on dose dependence from the entire 
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range of horizontal profile. Location along the profile did not show much impact on signal 

uniformity (Table 5), as the factors that influence this value (such as light reflections from 

edges at location #1 and #5) are valid for all measurements. These statements are general 

observations and not valid in all cases, with some values deviating from what was expected, 

as a result of statistical error or a non-stabilised response of a new crystal, as was explained 

previously. This is especially visible in the newly used, low signal samples c’ and e’, with 

STD as high as ~38% at the first cycles (15 Gy). Despite the improved accuracy as the applied 

dose became higher, signals from 15 Gy measurements showed higher STD than lower doses 

(8 Gy, 10 Gy and sometimes 4 Gy as well showed higher accuracy) at all samples. It was 

partially explained as the use of new samples without prior irradiation (samples c’ and e’). In 

the cases of samples a’ and b’ it can be attributed to statistical error, but this hypothesis must 

be verified. 

More detailed information, including the average signals per dose per measurement 

location per crystal, are provided in Appendix C. 

 

5.5.3 Dose response correction 

Taking into consideration the difference in sensitivity as shown above, correction 

factors must be calculated for all dosimeter reads. Since there is beam attenuation, and all 

signal must be collected in order to have a correct dose estimation (as opposed to multiple 

readout, possible in OSL dosimetry), 5 minutes integration will be used for calculations, as 

being the best achievable integration duration in this work. Sample b’ was chosen as a 

reference based on its accurate performance when compared to the other samples (5.5.2). 

Normalization factors were calculated as follows: 

𝐶𝑖 𝑗 =
𝑆𝑖𝑔𝑛𝑎𝑙𝑖 𝑗

𝑆𝑖𝑔𝑛𝑎𝑙10 𝑗
 

Where 𝐶𝑖 𝑗 is the ratio of signal from sample i (i = a’, c’, d’, e’) with dose j (j = 1, 2, 4, 8, 10, 

15) to be calibrated to signal from sample b’. Crystal-specific constant calibration factors, 
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derived from averaging the 𝐶𝑖 𝑗 per sample, are summarised in Table 7. Detailed values of Ci j 

as well as STDs per location per sample can be found in Appendix D, Table 17. 

 
Average calibration factor per sample 

 
Sample a’ Sample b’ Sample c’ Sample d’ Sample e’ 

Average 0.79 1 1.30 0.84 1.40 

STD 0.10 0 0.39 0.10 0.40 

% 12.88 0 30.06 12.00 28.27 

Table 7 Calibration factors of the crystals, acquired from averaging calculated normalization 
factors for entire dose range and horizontal profile, when normalised to signal from sample b’. 
 

After the calibration factors have been calculated, dose dependence plots could be 

corrected, as shown in Figure 30; this shows the dose dependence plots before (a) and after 

(b) the correction. The lines, drawn between the discreet values per dose are extrapolations to 

visually facilitate the understanding of the dose response, and do not represent real data. 

Samples c’ and e’ exhibited extremely high STD in calibration factors (Table 7), as well as 

low SNR (5.4) and will be excluded from the corrected dose-dependence plots. The complete 

data including the disqualified samples can be found in Appendix D, Table 17. 
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Figure 30 a) Average dose dependence plots before correction; b) average dose dependence 
plots after correction using the derived calibration factors. 
 

Even though the calibration factors were derived based on average calculated ratios per 

sample for all locations and doses together (that could have impact on accuracy of the resulting 

value), the correction significantly improved the dose dependence plots. STD of the signal 

from the sensitive samples a’, b’ and d’, for each dose, before and after correction using the 

calibration factor, is shown in Table 8.  More detailed information is included in Appendix D, 

Table 18 and Table 19. 
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STD (%) 

  before correction after correction 

1 10.43 1.52 

2 4.14 6.68 

4 13.50 4.20 

8 13.99 2.66 

10 16.01 3.90 

15 17.80 7.14 

Table 8 STD from average dose response of irradiated NaCl crystals before and after correction. 
 

After the correction, the integrated signals for most doses in this work changed to yield 

STD below 5%, with the exception of 2 Gy and 15 Gy. The decrease in accuracy of the 2 Gy 

measurements are because it had low values before the correction process, whereas the 

calibration factors were derived with consideration of signal detected from the sample at all 

doses; is contributed to underestimation of the calibration factor in some cases and 

overestimation in others. The corrected signal from the 15 Gy readout significantly improved 

but remained the highest among the doses. As was explained before in this chapter, it seems 

that the attenuated stimulating laser beam has not emptied all the traps, and not all deposited 

dose was read within the 5 minutes, leading to nonuniform result at this dose. That said, overall 

result after the correction is promising. 

  

5.5.4 Conclusion  

Dose dependence was plotted in five locations along the horizontal profile, in order to 

avoid dose underestimation at distal locations along the horizontal profile as a result of 

attenuation of the stimulation laser beam by the trapped charges in irradiated crystal and to 

allow correct dose readout. Intensity of the signal, namely, the intensity of the image recorded 

during laser stimulation of irradiated NaCl crystal; was integrated for various durations of 
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time and plotted as a function of deposited radiation dose. The closer the point of interest was 

to the proximal face of the sample, and the lower deposited dose, the earlier the dose-

dependence plot reached linearity, an expected outcome at the dose range of 1 Gy – 15 Gy in 

NaCl crystal based on previous experiments. Higher doses, mainly 10 Gy and 15 Gy, as well 

as distant locations, required integration times as long as 5 minutes to achieve linearity. 15 Gy 

seemed to slightly saturate the dose-dependence plot even after 5 minutes, however this result 

is not unambiguous, as longer stimulation time was not available to verify complete charge 

removal from the trapping defects in the crystals.  

Two out of five samples have shown low SNR and high STD along the course of the 

experiment and were included only at the first stage of data processing, to present the 

differences in sensitivity of individual crystals, and were not included in dose-dependence 

processing. The sample with the lowest values of STD between its measurements was chosen 

for calibration and a calibration factor was calculated for the other two samples, by averaging 

the ratios of the calibration sample and sample of interest. Application of the calculated 

calibration factor significantly improved the accuracy of the readout and enable better 

compliance to dose measurement. 

 

5.6 Summary  

In treatment plan verification, the purpose of the dosimeter is to provide data on dose 

deposition and its distribution within the treatment volume. It would be expected from a 

uniformly irradiated dosimeter to emit uniform signal, regardless of the location on the sample 

defined as total counts per voxel being constant with constant dose for any voxel in the crystal. 

In this work, attenuation of the stimulating beam was observed during 2D imaging of dose 

distribution in NaCl crystal. In quality assurance and in treatment plan verification, a known 

dose is prescribed to the treatment volume, and the goal of the dosimetric verification is to 

make sure that the applied dose is indeed equal to the prescribed one. That is, the actual applied 

dose is unknown, therefore dose-dependent profile correction for attenuation is not possible. 
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The interim solutions to this problem, used in this work was to characterise the dose 

dependence of each pixel on the image. The attenuation was prominent at the beginning of the 

stimulation and diminished when the signal was integrated for long duration. However even 

at longest integration time, used in this work (5 minutes), a flat profile was not achieved at 

high dose (15 Gy) indicating non-complete detrapping and leading to dose underestimation at 

high doses and at locations, distal to entrance face. This drawback can be rectified by better 

apparatus (laser and detector) than was available for this project. 

Indeed, this effect was observed in the dose dependence characterisation. With near 

linear dose response for proximal points along the horizontal profile, the further the inspected 

location from the laser entrance face, the earlier, in terms of applied dose, loss of linearity was 

recognised. The situation improved with longer integration time, and dose dependence plots 

were similar for different locations along the profile, compensating for the attenuation and 

dose underestimation at the beginning of the measurement. Longer stimulation and integration 

time are also required in order to verify whether the non-linearity of the dose dependence 

graphs is caused by real saturation at higher doses (an unlikely outcome, based on preliminary 

experiments done on grains of the same crystals as in this experiment in chapter 4, and near 

linear dose dependence of proximal locations) or as a result of non-complete depletion of the 

traps in the irradiated NaCl crystal. 

Repeatability of signal from individual crystals upon deposition of constant dose was 

verified and showed promising results. When the same dose was applied to each crystal 2 – 3 

times, it showed similar response on each readout run. Disparities between signals could be 

attributed to statistical errors and low SNR. Light reflected at the crystal edges caused local 

differences in intensity.    The signal from various NaCl crystal was found to be non-

reproducible, due to variations in radiation storage capabilities of the crystals. Even though 

the recorded dose dependent signal of each crystal was different, all three crystals exhibited 

the same characteristic linear response, with the limitations described above. A simple 

correction method, implementing calibration relative to one of the crystals is suggested. One 
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calibration factor was derived for individual crystal for all applied doses. Corrected dose 

dependence plots then showed significant improvement in uniformity of the dose dependent 

plots of the various samples.  

A major drawback in experimental data collection is that the optical system used in this 

work did not provide STD low enough to be reliable, with high values of STD received within 

the same measurement along the beam profile as well as in repeatability measurements. A 

much lower STD and higher SNR should be achievable using high quality imaging equipment, 

as well as reduction of sampling time with a more powerful stimulating laser. NaCl crystals 

have shown promising results in terms that after irradiation, the laser-stimulated signal could 

be recorded using video camera and correlated to applied dose. It was shown that complete 

detrapping of charges must be achieved in order to get a correct dose assessment. Figure 31 

schematically shows the crystal during laser stimulation, with volume unit, stimulated in one 

measurement indicated by the blue cylinder. In order to apply the proposed method to yield a 

3D image of dose distribution, the crystal side, facing the laser (face a. in Figure 31) would 

need to be scanned, while the emitted image is recorded from face b (3D imaging process is 

described in detail in chapter 1 section 1.4).  

 

Figure 31 Volume, illuminated by stimulating laser beam in one measurement 

 

With the setup and equipment used in this work, 5 minutes were not sufficient to 

completely detrap charges from one volume unit. In order to cover the whole 3D crystal, the 

a

b
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number of scans that would be required is (area of face “a”)/ (laser beam width). Since the 

aim is to use a laser with a narrow beam to achieve good spatial resolution, the time that would 

be required to read the dose from the whole crystal in this case is not reasonable, therefore 

optimization of the imaging setup is inevitable.  This would produce more accurate 

measurements, with less noise (more uniform profiles) and lower STD (repeatability) between 

each measurement. 

Faster detrapping process can be achieved using a more powerful laser for stimulation, 

as the detrapping rate is directly proportional to laser power [67]. Decreasing the time of data 

collection will also contribute to higher SNR, since the signal is strongest at the first few 

seconds of the stimulation (chapter 4.7) and less noise will be recorded in shorter sampling 

time.  

Another approach could be reshaping the laser beam to a narrow 2D “sheet form”, for 

example using a telecentric imaging system in conjunction with positive cylindric lens [92]. 

If the use of 2D laser is possible, the scanning would be performed in one axis only, 

significantly reducing the time of sampling. Improvement of the readout method does not have 

to stop at a 2D laser beam. NaCl is known for its high OSL sensitivity, with characteristic UV 

emission, but the light, recorded during blue laser stimulation was not characterised in this 

work, and it could be originating both from OSL and as a result from dose-dependent 

scattering from defects introduced by irradiation. Shining the whole crystal simultaneously 

with blue light, using an optical system that completely filters the scattered light with effective 

transmission of emitted OSL and the use of 3 cameras (top view, side view and front view) 

could allow fast and continuous 3D dose deposition readout with minimal loss of information. 
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Chapter 6 

 

Wavelength dependent bleaching of OSL and TL from 

beta irradiated NaCl  

6. Wavelength dependent bleaching of OSL and TL from beta irradiated NaCl  
 

6.1 Introduction 

Efficiency of optical resetting of OSL and TL signals from irradiated NaCl, using a 

selection of bleaching wavelengths in the ultraviolet (UV), visible and near-infrared (NIR) 

ranges was investigated. 

Thermoluminescence dosimeters are widely used for medical applications. Their 

reusability is obtained by thermally emptying (resetting) the dosimeter after dose readout [23]. 

Present work attempts to develop a reusable OSL dosimeter, using NaCl as the dosimetric 

sensor material. To my knowledge, no bleaching measurements, utilizing a wide range of 

specific bleaching wavelengths have previously been performed on this material for 

dosimetric application. The motivation for optical resetting is in order to avoid requiring heat 

application to samples as the resetting method, in order to minimise the changes to the dose 

sensitivity of the crystal which result from heating.  

As described in chapter 2, optically and thermally stimulated luminescence (OSL and 

TL) can originate from the same suite of defects in a crystal, which experiences charge 

liberation and subsequent trapping as a result of absorbed ionizing radiation. Previous 

researches investigated wavelength dependent bleaching efficiency of quartz crystals, and 

showed that deep traps which emitted OSL were emptied both with UV and visible light, but 

that other deep trap types could only be emptied by prolonged UV exposure and were 
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unaffected by visible light [93]. Their work involved comparing TL glow peaks from samples 

previously bleached by various durations of a range of UV and visible light wavebands. The 

results were subsequently extended and supported by an investigation of the bleaching of the 

OSL signal from quartz, monitored by 514 nm stimulation (Spooner 1994). Here, beams of 

varying wavelength and energy are investigated in regard to optical bleaching of the OSL and 

TL of irradiated NaCl crystals.  

The ability of light of specific wavelength to release charges, trapped during irradiation 

can be utilised in reusable 3D dosimetry in several ways. Highly energetic beams with photon 

energies capable of emptying the deep traps in irradiated NaCl crystals can be applied in the 

dosimeter resetting procedure, potentially contributing to its reusability competence by 

eliminating the need to apply heat to reset the dosimeter sensor crystal between irradiations. 

This should enable creation a reproducible and effective resetting procedure, which is required 

to return the dosimeter to its initial energy state. In addition, in case of radiative charge 

recombination stimulated by such beam, this method is intended to guide the creation of 

measurement protocols for OSL-based radiation dose pattern imaging (chapter 4.7). On the 

other hand, stimulation wavelengths that are not capable of significant signal depletion can be 

potentially utilised in localised dose deposition pattern imaging, by measuring the scatter of 

the applied photons from the charge-holding colour centres. Characterisation of bleaching 

susceptibility to various wavelengths will help to select the optimum wavelengths for these 

different contrasting applications.  

 

6.2 Sample preparation and experiment design for optical bleaching  

For both OSL and TL signal bleaching experiments, NaCl crystal portions were crushed 

to coarse grains then sieved to select 180 – 300 μm diameter grains. This material has high 

optical transparency over the full range of excitation and emission wavelengths observed in 

our study. Since there are no attenuation effects expected that would relate to grain size, the 

size was chosen in order to create grain monolayers that would maximize the mass per unit 
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area of the sample. These grains were weighed and mounted on 9.7 mm diameter stainless 

steel discs using Silkospray (W. Rusch, Germany) silicone oil as adhesive, each disc carrying 

2 – 2.5 mg NaCl.  

A custom-built Risø carousel storage box was modified for the experiment. Two holes 

were pierced – one to allow exposure of one disc at a time, and another one to reveal the disc 

location. Another small hole was drilled to affix the disc with a pin, as shown in Figure 32a, 

to ensure positional reproducibility. A rotating stage was installed in the centre of the box 

(Figure 32b).  

 

Figure 32 Experimental sample positioning apparatus, used for measurements of OSL and TL 
signals depletion by bleaching with photons of various wavelengths. a) modified carousel box, 
as it was used during the laser exposure; b) rotating stage. 
 

90Sr/90Y beta irradiation, pre-heating, OSL and TL measurements were all made using 

a Risø automated microprocessor-controlled TL / OSL reader system (type TL SYSTEM 

TL/OSL-DA-20), made at the Risø National Laboratory, Denmark. The luminescence signals 

were detected by an EMI 9635QA photomultiplier tube, and a 7 mm thick Hoya U-340 optical 

filter, providing a 50% transmission window between 290  –  370 nm, with peak transmission 

at 340 nm, was used in front of the photomultiplier tube to reject the scattered 470 nm 

stimulation photons.  

The irradiated samples were stored in light-tight storage overnight prior to the first 

bleaching and readout cycle, to allow “settling time”, which was mainly intended to permit 

a) b)
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the 100 °C TL peak to decay at ambient conditions [74].  This was for two reasons: firstly, to 

remove timing criticality from the experiment, by waiting until the rapidly decaying 100 °C 

peak had decayed, and secondly to thereby isolate the observed TL and OSL effects to the 

deeper stable signals with lifetime suitable for dosimetry. 

Signal bleaching was achieved using a tunable wavelength and pulsed laser beam 

delivered from an Optical Parametric Oscillator (OPO) Opolette HE 355 LD laser system 

(Opotec, USA). OPOs use cavity scale adjustment and polarisers to select the wavelength 

required for the application. To allow a wide range of wavelength selection, signal and idler 

beams are generated, with photon energy of the pump equal to the sum of energies of the 

output beams. Polarizations of signal and idler waves are at right angles, and polarisers are 

used to select which beam will come out of the system by shifting the orientation of the OPO 

crystal at the beam path. The unwanted beam wavelength leaves the system at a slightly 

different angle to that of the selected wavelength and therefore does not hit directly at the 

sample or area of interest.  

In this experiment the samples are exposed to the laboratory environment, and the light 

beam of chosen wavelength travels in open air before it reaches the sample (as opposed to 

systems where the beam is enclosed in a tube etc). As a result of this experimental 

arrangement, in addition to the beam of chosen wavelength that was aimed directly onto the 

sample disc, low intensity ambient light was present both from the OPO as weak parasite lines 

and also as low-intensity inadvertent illumination from weak sources in the room which were 

able to cause unwanted additional bleaching.  

This side effect of the OPO light production process caused non-negligible bleaching 

artefacts. Hence a 3 mm Schott Glass RG 645 filter was used when bleaching was performed 

by wavelengths of ≥ 650 nm, to reject the undesired portion of shorter wavelengths that are 

emitted by the OPO during beam production.  
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6.2.1 Illumination wavelength dependent bleaching efficiency of OSL signal 

For measurements of wavelength-dependent bleaching efficiency of the OSL signal 

from NaCl, discs were placed at every second location on the Risø TL/OSL reader carousel, 

and a specific bleaching wavelength was assigned to every second sample. With this 

arrangement, half of the discs were used for bleaching assessment and therefore had 

incrementally longer exposures to bleaching light between OSL probe measurements, and the 

other half (organised in alternating order) were functioning as control samples to quantify the 

total impact of inadvertent bleaching. Such a setup – disc organization in alternating order, 

with control disc between each pair of bleached discs, and only a short distance from discs to 

box, also helped to minimise inadvertent exposure from bleaching light from reaching the 

discs, other than the intentional beams directly targeting the bleach samples. The disc 

arrangement is shown in Figure 33.  

Partial signal depletion by the process of OSL measurement on each OSL read is 

inevitable. Hence to account for the OSL readout signal loss, as well as any inadvertent signal 

loss from cumulative room safelights exposure or any other environmental influence when the 

carousel was moved from bleaching box to Risø reader and vice versa, every second disc was 

not exposed to a bleaching wavelength. These discs were only subjected to the initial 

irradiation and subsequent OSL probe readout process and were hence used as the control 

samples to correct the OSL photon count values of the bleached samples for cumulative 

inadvertent environmental bleaching and depletion by the readout probe short exposures. 
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Figure 33 Disc arrangement on Risø carousel for OSL bleaching efficiency measurements, with 
alternating sample placement organization to minimise inadvertent exposure from bleaching 
light from reaching the discs, other than the intentional beams directly targeting the bleach 
samples. For example, target discs are at positions 1, 5, 9 etc, and control discs at positions 3, 
7, 11 etc. 

 

Even though the grains were obtained from a new NaCl crystal, the samples were 

initially bleached for 40 seconds, with 90% power of blue LEDs (470 ± 20 nm , full power 40 

mW/cm2) at 30 °C, to ensure removal of any residual OSL resulting either from signal of 

formation or ambient radiation. All samples were then given beta irradiations with dose-rate 

of 0.1 Gy/second, for 20 seconds (nominal 2 Gy) followed by a pre-heat to 130 °C at 5 

K/second, to remove signal from “shallow” traps – those too unstable for use in dosimetry on 

the timescale of hours between irradiation and measurement.  

Following the heating step, initial CW-OSL signal from all discs (experimental and 

control samples) was stimulated using a short exposure to blue LED light, and recorded for 

0.09 seconds (5 data points for 0.05 seconds, and 2 data points before and after OSL 

stimulation), with 1% power of blue LEDs at 30 °C. The advancement of bleaching by laser 

beams of the various chosen bleaching wavelengths was monitored in the same manner by the 
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blue LED short exposure probing. The short exposure readout duration was chosen in order 

to provide sufficient photon counts with every reading for good statistics for intercomparison, 

with minimum effect on the remaining stored dose. This is to ensure that most of the signal 

depletion can be attributed to the bleaching process under study, rather than to the cumulative 

bleaching by the readout probe steps.  

The wavelengths chosen for this experiment were: 410 nm (the shortest wavelength 

available in our OPO instrument), 425, 450, 475, 500, 525, 550, 575, 600, 625, 650, 675, 700, 

750, 800, 875 and 950 nm. Laser illumination from the OPO is in individual fast pulses of 5 

nanoseconds each pulse, and so to provide incrementally greater bleaching energies 

increasingly large “bursts” of pulses were applied, with exponential (power of 2) increment 

of pulse numbers and hence of total deposited energy. The residual OSL surviving each burst 

was recorded between bursts. For the short wavelength range (410 – 650 nm) the number of 

bursts per run was 1, 1, 2, 4, 8 etc., until the cumulative bleaching had removed more than 

99% of the initial signal. 

Signal loss as a result of bleaching, compared to readout signal loss by the probe short 

LED exposures, was significantly higher for the shorter wavelengths than for longer 

wavelengths. To avoid loss from readout while getting almost no response as a result of 

bleaching for small a number of bursts, bleaching with longer wavelengths started with 64 

bursts and progressed in the same manner as short wavelengths. Bleaching was performed at 

room temperature (approx. 22 °C). 

The procedure included the following steps, as described above: 

1. Reset residual signal (40 seconds exposure to 40 mW/cm2 (90%), 470 ± 20 nm) 

2. Irradiate (nominal 2 Gy Sr90/Y90 beta) 

3. Pre-heat (130 °C at 5 K/second) 

4. Ambient storage (for ~16 hours at ~22 °C) 
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5. Short exposure – initial OSL readout (0.05 seconds, 40 mW/cm2 (1%), 470 ± 20 nm) 

6. Bleach (OPO exposure to various wavelengths) 

7. Short exposure – OSL readout (0.05 seconds, 40 mW/cm2 (1%), 470 ± 20 nm) 

8. Repeat steps 6 – 7 until signal is bleached to less than 1% from its initial value (for short 

bleaching wavelengths) 

After every bleaching cycle, the collected data was corrected for depletion as a result of 

cumulative OSL readout exposures, and possible inadvertent signal loss from environmental 

bleaching (room safelights etc). For each bleached sample, the value of residual signal (in %) 

was calculated as follows: (corrected signal loss in %) = [(calculated signal loss) / (average 

signal loss of neighboring control discs)] × 100%. 

The OPO beam energy was verified in conditions similar to that further used for 

bleaching (with the Schott RG 645 filter in place at wavelengths above 650 nm and with the 

energy sensor located on the level of the samples). The measured energy per beam was 

averaged over 100 pulses. Energy of the pulses produced by the OPO vary in their power 

depending on their wavelength. The values provided by the manufacturer change with time 

and usage. Up-to-date beam energies at the time of the experiments were measured with an 

“S-link-1” power meter and a “QE12LP-S-MB-D0” pyroelectric detector (Gentec-Electro 

Optics, USA) and are summarised in Table 9 and shown in Figure 34. The overall agreement 

between measured energy values and data provided by the manufacturer is very good, given 

the Opotec data is generic and output changes with system cumulative usage. Highest output 

power (7.58 mJ / pulse) was observed at 450 nm, with gradual decrease of pulse intensity, 

reaching local minimum at 700 nm (0.842 mJ / pulse), then slightly rising and finally reaching 

its minimal value in the examined range at 950 nm (0.212 mJ / pulse). 
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 Wavelength (nm) Energy (mJ, unless 

stated otherwise) 

Energy (mW) STD (mJ, unless 

stated otherwise) 

410 5.38 110 0.231 

425 7.44 145 0.139 

450 7.58 150 0.147 

475 5.91 110 0.136 

500 5.41 107 0.083 

525 5.05 100 0.087 

550 4.86 95 0.087 

575 4.04 80 0.086 

600 3.53 70 0.101 

625 2.435 48 0.1027 

650 2.025 40 0.0759 

675 1.499 30 0.0614 

700 0.842 15 0.0563 

750 1.496 30 0.0559 

800 1.52 30 0.0622 

875 0.889 18 0.0281 

950 212.5 μJ 4.2 4.62 μJ 

Table 9 Beam energies of Opolette 355 LD as measured with “S-link-1” power meter and 
“QE12LP-S-MB-D0” pyroelectric detector. Measurement errors are captured in the STD. 
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Figure 34 a) Single pulse energy as a function of wavelength from the Opolette 355 LD, as 
measured by the “S-link-1” power meter and “QE12LP-S-MB-D0” Pyroelectric detector; b) 
Pulse energy as function of wavelength on Opolette 355 LD, as provided on manufacturer site. 
 

6.2.2 Illumination wavelength dependent bleaching of the TL signal 

The mechanism of trap emptying in NaCl by various wavelength beams can be 

understood in more detail by investigation of the bleaching susceptibility of their TL signal 

and comparison of OSL and TL depletion patterns following bleaching. For the examination 

of wavelength-dependent TL signal depletion, 12 aliquots of ~2 mg NaCl grains were each 

given a dose of 2 Gy, followed by a pre-heat to 130 °C at 5 K/second. The irradiated samples 

were held in light-tight conditions overnight, to allow stabilization of the system. After the 

waiting period, the grains were bleached by illumination with 475, 575, 650, 750 and 875 nm 

photon beams (two samples at every wavelength) to acquire a total energy of 100 mJ at each 

wavelength. Thermoluminescence glow curves were recorded for all samples up to 450 °C 

immediately after the bleaching process, with heating rate of 5 K/seconds. The heating process 

was repeated for background recording. Control samples were placed at every third Risø 

carousel slot and underwent only the irradiation, pre-heat and glow out process. Pulse 

energies, number of pulses and effective energy, applied to samples of each wavelength, are 

summarised in Table 10. 
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Wavelength 
(nm) 

Energy per pulse (mJ) # of pulses (in 100 mJ) Total energy (mJ) 

475 5.91 ± 2.3% 17 100.47 ± 2.3% 
575 4.04 ± 2.1% 25 101 ± 2.1% 
650 2.025 ± 3.7% 50 101.25 ± 3.7% 
750 1.496 ± 3.7% 67 100.23 ± 3.7% 
875 0.889 ± 3.2% 113 100.46 ± 3.2% 

Table 10 Energy per pulse of beam of selected bleaching wavelengths, total number of pulses 
at these wavelengths, required to yield an energy of 100 mJ at the sample, and effective total 
energy applied to the NaCl grains.  
 

After background subtraction (reheat data), TL glow curves were normalised to the 

weight of individual samples and averaged for every two samples of the same bleaching 

wavelength. 

 

6.3 Bleaching efficiency of OSL and TL signals with various wavelengths 

 

6.3.1 Illumination wavelength dependent bleaching efficiency of OSL signal 

Mass-normalised OSL decay curves, as a function of energy, are shown in  Figure 35 

for every bleaching wavelength. The more energetic, short wavelengths within the examined 

wavelength range (410 nm – 550 nm) were found to be more effective in bleaching of OSL 

signal from the irradiated NaCl grains, with rapid signal depletion apparent from first 

exposure. Mid-range (575 nm – 700 nm) exhibited more gradual loss of OSL signal. The 

longer wavelengths displayed close to negligible signal loss with remanent signal (the OSL 

remaining after bleaching) of 90% or more until at least ~104 mJ/cm2 were applied to the 

sample. In fact, the rapid signal depletion, seen at the plot of 875 nm beam at ~29.100 J/cm2, 

but with no signal loss prior and after this point, is explained as an artefact rather than real 

signal loss: the carousel was handled with maximum care during transport between the 

bleaching and measurement sites, with every precaution taken to ensure smooth transitions, 

but it was still probable that after considerable number of cycles some grains might loosen 

and fall from the disc. Hence, dose stored in the fallen grains did not contribute to the overall 
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OSL signal on the next measurement run and so caused the apparent rapid drop. Such grain 

losses are inevitable in the structure of these experiments, but can remain unnoticed at the 

short wavelength range as the signal depletion resulting from stimulation with light from this 

range is much more prominent than from loss of a small fraction of the total number of grains 

on a given disc. However, at longer wavelengths, where bleaching efficiency of light is low, 

depletion as a result of grain loss is more visible due to the time resolution of the shine curve.  

 

Figure 35 Mass normalized OSL decay curves as a function of applied energy (mJ/cm2). OSL 
signal is effectively depleted at the short wavelengths (< 550 nm), with gradual depletion at the 
mid-range (575 nm – 700 nm) and negligible depletion pattern at longer, less energetic 
wavelengths (>700 nm). Rapid signal depletion by the 875 nm beam at ~29.1 J/cm2 may be 
explained as an artefact rather than real signal loss, as no other signal loss was detected at this 
wavelength. 

 

Figure 36 shows the energies as a function of wavelength that were required to reduce 

the OSL signal from 100% to specified levels: to 5% for wavelengths equal or shorter than 

650 nm; to 50% for wavelengths equal or shorter than 800 nm (excluding 425 nm – 475 nm 

as these beams rapidly depleted the signal below 50%); and to 95% for 650 nm and longer. 
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Figure 36 Energies required to reduce the OSL signal from 100% to 95%, 50% and 5% as a 
function of bleaching wavelength. 
 

The rapid signal removal at the high photon energy (short wavelength) range, and low 

removal rate at wavelengths longer than 700 nm, and noticeable resistance to any bleaching 

by wavelength greater than 800 nm, prevented collection of a complete dataset. Figure 36 

clearly shows that the shortest wavelength is not necessarily the most effective for bleaching 

of OSL from salt, in contrast to previous results such as observed for quartz [64]. In that study 

on the bleaching of OSL from quartz, the exponential dependence of bleaching rate on photon 

energy was attributed to the specific untrapping mechanism of OSL in that material.  

The OPO system used in this work exhibits relatively large variations in beam output 

power (energy per pulse as a function of wavelength), and it is possible that these variations, 

as well as errors in the energy calibration have introduced the apparent discrepancy. Further 

work is required to determine if the increased energy required at shortest bleaching 

wavelength used, 425 and 410 nm, is either the result of induction of OSL by these energetic 

photons competing with untrapping, or a measurement artefact. The high energy exposures 

which removed 10% of the OSL signal at 875 nm is unexpected, and from Figure 35 this result 

can be explained as an artefact that appeared following externally-caused rapid signal loss, 

attributed to a grain loss event.   It is important to note that since the energy was applied in 
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discrete values (number of pulses × energy per pulse), some energies in this plot are 

interpolation estimates, as sometimes it was not feasible to collect accurate data on energy 

required to remove an exact percentage of the signal.  

 

6.3.2 Illumination wavelength-dependent bleaching of TL signal 

Zhang et.al [75] showed in their study that traps associated with the 290 °C TL peak of 

the NaCl glow curve are the most light-susceptible and contribute the most to the OSL signal. 

The TL peak at the lower temperature range of 100 °C – 250 °C was less affected by bleaching 

with blue light of 470 ± 20 nm, with regards to the intensity of the signal.  

In this experiment, the bleaching was performed with several stimulation wavelengths 

(as opposed to the varying stimulation duration utilized in Zhang et.al). Changing the 

stimulation wavelength while maintaining constant beam intensity (100 mJ for all 

wavelengths) in our work, as well as increasing stimulation duration at constant wavelength 

as in Zhang et. al. work exhibited much smaller change in the intensity of the lower 

temperature range. Figure 37 shows the measured TL glow curves after irradiation, pre-heat 

and bleaching beams of various wavelength and the TL glow curve of the unbleached sample. 

Relative bleaching susceptibility of both glow peaks to stimulation wavelength of 475 nm is 

in agreement with Zhang et. al, with effective removal of the main high temperature peak (196 

°C – 350 °C) and noticeably less removal at the lower temperature range (50 °C – 195 °C). 

Longer excitation wavelengths that were investigated (575 nm and longer) had very low 

impact on the intensity of the main glow peak, and 875 nm seemed not to bleach this peak at 

all. The impact of these wavelengths on the lower temperature peak was visible, but hard to 

characterise from basic comparison only.  
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Figure 37 TL glow curves from NaCl grains after beta irradiation, pre-heat to 160 °C and 
bleaching with various wavelengths in the VIS-NIR range, with energy of 100 mJ. The main 
TL peak (196 °C – 350 °C) exhibited high sensitivity to light at shorter wavelengths, with rapid 
sensitivity decrease for longer wavelengths, with no signal removal by the longest wavelength 
beam that was utilised (875 nm). Lower temperature range TL (50 °C – 195 °C) shows weaker 
sensitivity to stimulating light at all wavelengths. 
 

For more thorough characterisation of the effect of wavelengths on various traps of 

NaCl, the experimental TL glow curve was simulated by fitting the experimental data to a 

sum of 4 components – Gaussian functions, associated with various energy level traps, 

assuming normal distribution of de-trapping process during thermal excitation and first order 

kinetics (no re-trapping and no non-radiative recombination processes). Gaussian fitting was 

used as a simplified tool, shown to be suitable for preliminary glow curve analysis [94]. 

Preliminary analysis using Gaussian approximation showed the presence of at least one re-

trapping process when bleaching with 475 nm beam pulses, which required more general 

approach to the glow curve analysis. Therefore best fit was obtained assuming general order 

kinetics using the SOLVER function in Microsoft Excel. Figure 38a-e display the 

experimental TL  glow curves (orange solid lines), deconvoluted into 4 components, and plots 
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of the best fit (purple dashed lines) for each bleaching wavelength (calculated from the sum 

of individual components), whereas Figure 38f shows these plots for the unbleached, averaged 

control glow curve.  

 

Figure 38 a-e) Fitting of normal distribution components to TL glow curves, obtained after 
irradiation and subsequent bleaching by selected wavelengths and f) glow curve of control 
sample 
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𝐼(𝑇) = 𝐼𝑀𝑎𝑥 exp (
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where Imax is the maximum intensity of each glow curve component, E – energy of each 

component, Tmax – temperature at component maxima, k – Boltzmann’s constant and b – kinetic 

order of each component [95]. 

The accuracy of the fitted curve was calculated using the figure-of-merit (FOM) approach, 

defined by 

𝐹𝑂𝑀 = ∑
|𝐹𝑖𝑡(𝑡) − 𝑇𝐿(𝑡)|

𝐴
∗ 100

𝑡350[°𝐶]

𝑡50[°𝐶]

 

where A is the area under the glow curve in the temperature range of 50 °C – 350 °C. Most 

samples exhibited good fit to general order kinetics, with an error of 1.7% – 2.08%, whereas 

the fitting accuracy of the 475nm-bleached TL glow curve was 3.3%. The kinetic parameters 

of the various peaks at the examined bleaching wavelengths and the individual FOM values are 

listed in Table 11. 
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Bleaching 
wavelength  

  Component 
1 

Component 
2 

Component 
3 

Component 
4 

Component 
5 

 

475 nm 

FOM = 3.3 
% 

Imax 476 463 1511 175 

Tpeak (°C) 163 218 280 122 

E (eV) 0.959 0.718 0.880 1.171 

b 2.000 1.022 1.018 2.000 

 

575 nm 

FOM = 
2.08 % 

Imax 841 790 1796 3003 
 

Tpeak (°C) 161 225 267 295 
 

E (eV) 0.871 0.875 1.270 1.471 
 

b 2.000 2.000 1.182 1.000 
 

 

650 nm 

FOM = 
2.08 % 

Imax 699 701 2650 2629 
 

Tpeak (°C) 167 232 271 300 
 

E (eV) 0.965 0.907 1.545 1.923 
 

b 2.000 2.000 1.344 1.000 
 

 

750 nm 

FOM = 1.8 
% 

Imax 668 766 1715 3424 
 

Tpeak (°C) 164 232 271 298 
 

E (eV) 0.998 0.883 1.673 1.495 
 

b 2.000 2.000 1.336 1.000 
 

 

875 nm 

FOM = 1.8 
% 

Imax 741 778 2946 3532 
 

Tpeak (°C) 164 227 269 299 
 

E (eV) 1.081 0.848 1.367 1.931 
 

b 2.000 2.000 1.109 1.000 
 

 

Control 

FOM = 1.7 
% 

Imax 839 798 2512 3576 
 

Tpeak (°C) 165 226 265 295 
 

E (eV) 1.071 0.893 1.415 1.677 
 

b 2.000 2.000 1.166 1.000 
 

Table 11 Kinetic parameters derived from a GOK fit to the individual peaks in the TL glow 
curve of irradiated NaCl grains 

 

Individual component analysis 

From Figure 38 and Table 11 the four components of the TL glow curve of unbleached 

NaCl peaked approximately at the temperature of 165 °C (peak 1, red dashed line); 226 °C 
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(peak 2, pink dashed line); 265 °C (peak 3, yellow dashed line) and 295 °C (peak 4, green 

dashed line). For bleaching wavelengths of 575 nm, 650 nm, 750 nm and 875 nm, the peak 

temperature did not vary significantly from the unbleached sample, with maximum values in 

the ranges of 161 °C – 167 °C, 225 °C – 232 °C, 267 °C – 271 °C and 295 °C – 300 °C for 

peaks 1 – 4 respectively. When bleached with the 475 nm beam, the first component remained 

in the same temperature range as for the rest of the samples and the second component slightly 

shifted to 218 °C. However, when bleaching with this wavelength, several significant changes 

were observed. First, there were no components in the range of third and fourth components 

after the bleaching process (267 °C – 271 °C and 295 °C – 300 °C). Instead, one component 

with maximum temperature at 280 °C was observed (green dashed line in Figure 38a). Another 

difference was the appearance of a weak component at low temperature (peak 5, black dashed 

line in Figure 38a). As mentioned before, this peak was also observed using the Gaussian 

fitting method (not shown here) which implies that there is a re-trapping process that makes 

first order kinetics assumption non-compatible. As the bleaching process was performed at 

room temperature, this peak can be attributed to the effect of phototransfer to shallow, non-

stable traps, responsible for the TL peak at the 100 °C region [72]. This peak cannot be used 

in dosimetry as it fades over a short period of time at room temperature. 

The area under each individual component that forms the fitted TL glow curve represents 

the total signal emerged from the corresponding trap (energy level) during thermal stimulation. 

To analyse the intensity changes of each of the four components as a result of bleaching with 

various wavelengths, the areas under these components were integrated over the following 

temperature ranges: peak 1 (50 °C – 275 °C); peak 2 (150 °C – 350 °C); peak 3 (225 °C – 350 

°C); peak 4  (275 °C – 350 °C); peak 3 + peak 4 that were bleached by 475 nm beam (225 °C 

– 350 °C). The calculated values are graphically displayed in Figure 39. As mentioned above, 

after bleaching with 475 nm, peaks 3 and 4 became indistinguishable, forming one peak. The 

brown dotted line in Figure 39 describes the combined integrated signals from these two bands 

for all the wavelengths used in this work. 
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Figure 39 Remanent signal (%) of individual components of the TL glow curve of NaCl, after 
bleaching with various wavelengths: component 1 (50 °C – 275 °C); component 2 (150 °C – 
350 °C); component 3 (225 °C – 350 °C); component 4 (275 °C – 350 °C) and combination of 
component 3 and 4 (225 °C – 350 °C). Each data point represents the value of an integral of 
each individual component that builds up the fitted TL glow curve. Two aliquots were averaged 
to acquire the experimental TL glow curve. 

 

As expected based on previous studies [75], the first component (red dotted curve in 

Figure 38), which is the primary component of the low temperature glow peak (peak 1 of the 

total experimental TL glow curve, in the temperature range of 50 °C – 195 °C), with signal 

loss represented by the dotted red line in Figure 39, was only slightly light-susceptible at any 

of the bleaching wavelengths. The energetic 475 nm beam removed approximately 35%, and 

650 nm, 750 nm and 875 nm beams removed approximately 7 – 13% of the signal. In fact, the 

first component experienced rapid increase in signal when bleached with the 575 nm beam. 

This could indicate, at that specific wavelength, a dynamic balance between charge 

recombination and transitions (“photo-transfers”) from higher to lower temperature bands 

during light excitation, with transitions to be the favored effect, leading to an increase in TL 
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signal after the bleaching stage.  This effect could be also responsible for the low bleaching 

of the first component with the 650 – 875 nm beam. To verify this, the experiment should be 

repeated for more wavelengths in this range.  

In the case of the second component (pink dotted curve in Figure 38), mainly 

contributing its signal to the main peak of the experimental glow curve (196 °C – 350 °C), it 

had near gradual increase in residual signal (decrease of bleaching susceptibility) when a 

longer bleaching wavelengths were used, with residual signal values ranging from 48% at 475 

nm to 103% at 875 nm, as shown by the dotted pink line in Figure 39. There is not enough 

data to conclude linear response to wavelength, as insufficient wavelength bands were used 

in the experiment to define linearity. The only exclusion from the near-linear pattern was the 

signal collected after 575 nm bleaching, where the signal increased to 101%.  As with the first 

component, 575 nm could cause more transitions from higher to lower energy bands than 

charge recombination and removal of the signal at the bleaching stage, leading to higher count 

at the thermal excitation stage. This explanation is less likely for the less energetic 875 nm 

beam. The increase of TL signal to 103% could be a measurement error and should be 

confirmed or refuted by additional measurements.  

The third and the fourth components, with bands completely overlapping after 475 nm 

bleaching, exhibited a complementary behaviour at the longer wavelengths. That is, when the 

third component of the glow curve (peak 3, yellow dotted line in Figure 39) was bleached by 

575 nm illumination to 80% of its initial signal, the signal from the  fourth component (green 

dotted line in Figure 39) exhibited signal loss of only 4%. The same pattern was observed to a 

higher extent after bleaching with 650 nm, with third component experiencing signal increase 

to 107% and the fourth was bleached to 65%. 750 nm pulses were more effective for the third 

component, with 63% of remanent signal, and the fourth component with increase to 108%. 

Finally, 875 nm pulses produced increase of the signal in the third component (120%) and 

decrease of the fourth component to 87%.  Looking at the combination of these two 

components, gradually decreasing response was observed for longer bleaching wavelength, 
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from 575 nm, with 11% of the signal removed by the 575 nm beam, and no total signal loss by 

875 nm. These results imply that wavelength-dependent bleaching could be competing with 

retrapping of the various TL peaks, and the results are explicable by differential bleaching 

response, simultaneous with retrapping.  

In the case of bleaching with 475 nm, significant changes in the TL glow curve were 

observed. Clearly, the most rapid intensity changes as a result of bleaching were observed at 

this wavelength, for all components, as discussed before. In addition, the last two components 

(third and fourth components, yellow and green dashed lines in Figure 38, yellow and green 

dotted lines in Figure 39) were replaced by one peak when 475 nm was used for bleaching. 

When comparing the counts from this peak to the combination of component 3 and component 

4 of the control sample, near 60% of the signal was removed by this wavelength. Further 

looking at the signal removal from peaks 3 and 4 together, only 16% or less of the combined 

signal was removed by longer wavelengths. This finding clearly indicates a relatively high 

bleaching efficiency of the higher temperature TL peaks with 475 nm light, and with longer 

wavelengths incapable of bleaching sufficiently for partial readout or resetting for use in OSL 

dosimetry. When bleached with 475 nm, a low intensity low temperature component (peak 5, 

black dashed line in Figure 38a) was observed. This additional component contributes to the 

low-temperature TL peak of the overall TL glow curve. 

 

Glow curve analysis 

The effective contribution of each component of the deconvoluted fitted curve to the 

two main TL peaks (visually determined as a low temperature peak at 50 °C – 195 °C and a 

main high temperature peak at 196 °C – 350 °C) of the experimental TL glow curve is of 

special interest in this work, particularly their individual changes after bleaching. Each 

component that contributes to the total TL spectrum represents the presence of traps with 

different activation energies. Summing up their contribution is what visually leads to the 
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characteristic TL glow curve with the visual appearance of two peaks of thermoluminescent 

emission from NaCl. To analyse the impact of each of the four components of the 

deconvoluted fitted curve, the signal that constructs each of the two visually identified TL 

glow peaks was integrated. Namely, the total signal under the low temperature glow peak was 

calculated by summarising the relative parts of fitted peaks 1, 2 (and 5 for 475 nm bleaching 

wavelength), for temperatures below 195 °C, whereas total signal under the main glow peak 

was acquired by summarizing the relative part of fitted curves 1, 2, 3 and 4, at temperatures 

higher than 195 °C. The area under the integrated plots in Figure 40 shows the schematic 

representation of the peaks, with highlighted areas under each peak of interest. 

 

Figure 40 Schematic representation of areas under low temperature fitted glow peak (a) and 
main peak (b) and their corresponding components, that build up the experimental TL glow 
curve of NaCl. The vertical line visually separates the two peaks at 195 °C. 

 

Minor changes in the maximum temperature of each peak of the TL glow curve were 

observed. At the lower temperature peak, the maximum temperatures ranged from 172 °C – 

176 °C, with a shoulder at this range for sample that was bleached with 475 nm beam.  Slight 

temperature shifts to higher temperatures were also observed in the main peak (from 279 °C 

for control sample to 281 – 286 °C for bleached samples). However, since in our work only 

two samples of each bleaching wavelength contributed to the measured glow curve, this data 

is not sufficient to indicate the origin of such shifts.  
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Changes in the total integrated signal after bleaching of the low temperature peak and 

the main TL peak, measured by thermal stimulation at the abovementioned temperature 

ranges, are shown in Figure 41. 

 

Figure 41 Remanent signal (%) from low temperature peak and main peak of TL glow curve of 
beta irradiated NaCl, as a function of wavelength. Each data point represents the sum of all 
individual peaks that contribute to the fitted TL glow curve in the specified temperature range.  

 

The low temperature glow peak was found to have low bleaching susceptibility. 

Particularly, the residual signal was ranging from 83% – 93% for most wavelengths and 

exhibited rapid signal increase at 575 nm bleaching (effective increase of 16% from control 

sample). This could be anticipated from individual analysis of the components of 

deconvoluted curve, as this peak is mainly affected by the changes in the first component (red 

curve of Figure 38 and red plot of Figure 39). This behavior can indicate the presence of light-

resistant traps, associated with this temperature range, as well as indicating that these traps are 

a destination for possible photo-transfer and re-trapping of the charges released by laser 

stimulation during bleaching. The bleaching pattern of more efficient signal removal at the 
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shortest examined wavelength, then signal increase at 575 nm and gradual decrease in 

bleaching efficiency as a function of increasing wavelength, can be attributed to competition 

between complete removal of traps contributing to the TL peak in this range by the bleaching 

light, versus phototransfer to lower temperature traps.  To understand these results more fully, 

further investigation is required. However, this matter was not studied in the present work. 

The behaviour of the main glow peak was different: in particular, the energy deposited 

by the 475 nm beam, 100 mJ, efficiently removed the high temperature main glow peak, 

(~59% removed when compared to control glow peak at this range). The other beams had 

lower impact on this peak: 575 nm, 650 nm and 750 nm beams removed 9%, 14% and 9% 

respectively, in comparison to the unbleached sample. The lower removal rate by 575 nm 

illumination was explained above for the low temperature glow peak. It is notable that the 

main peak was unaffected by bleaching with 875 nm, with signal increase of 1%, which is 

within the range of measurement error. 

Maximal TL emission temperatures of each peak of interest from the TL glow curve, as 

well as the proportion of integrated residual signal, are summarised in Table 12. 
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 Wavelength 

(nm) 

Peak temperature (°C) Approx. residual signal 

(%) 

50 °C – 195 °C 

peak 

475 Shoulder at 175 °C – 185 °C 87 

575 171 116 

650 176 84 

750 172 83 

875 172 94 

Control 173 100 

Main peak 196 °C 

– 350 °C 

475 280 41 

575 283 91 

650 281 86 

750 286 91 

875 281 101 

Control 279 100 

Table 12 Summary of maximal temperatures and residual integrated signals of fitted TL glow 
curve (lower temperature peak at 50 °C – 195 °C and main peak at 196 °C – 350 °C), without 
bleaching (control) and after bleaching with 475 nm, 575 nm, 650 nm, 750 nm and 875 nm 
beams with total intensity of ~100 mJ.   

 

The results of the last experiment agree with previous work on TL properties of NaCl 

for bleaching wavelength of 470 nm [75], and excitation bands between 420 and 560 nm [72]. 

It provided detailed analysis of the traps involved in the process of charge trapping during 

crystal irradiation. It was shown that there is more than one trap that can be emptied at higher 

stimulation temperatures (approximately 195 °C and above), and which is also light 

susceptible when stimulated with 475 nm photons. These traps showed low sensitivity to light 

of wavelengths longer than 475 nm. Traps that could be emptied with low stimulation 

temperatures exhibited low light sensitivity at all applied bleaching wavelengths. 
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6.4 Summary 

Knowledge of the energies required for effectively complete removal of the OSL signal 

from irradiated dosimeters is of critical practical importance in designing experiments and 

apparatus that use OSL dosimetry and for subsequent applications. To allow reusability of a 

dosimeter, an efficient bleaching and resetting technique must be used that does not adversely 

affect the sensitivity or dose response characteristics of the dosimeter. In the present 

experiment, a very strong dependence of bleaching efficiency on wavelength is observed. 

Based on our findings, the shorter, more energetic wavelength range can be efficiently 

incorporated into an ambient temperature NaCl dosimeter crystal “resetting-by-bleaching” 

procedure.  

Our research attempts to create a new technique to measure the three-dimensional 

radiation dose deposition and distribution in a bulk radiation sensor using OSL. The OSL 

stimulation wavelengths that would be ideal for this purpose should be able to effectively evict 

the radiogenic trapped charges from the crystal lattice and so stimulate detectable 

luminescence. However, operating at wavelengths close to the OSL emission wavelength, 

which in the case of NaCl is ~370 nm, is not recommended. The wavelength of choice for this 

purpose should allow effective optical filtration and rejection of scattered stimulation light, 

with minimal loss of OSL signal.  This work showed that wavelengths in the range of 410 nm 

– 550 nm effectively removed the OSL signal. With more detailed examination of the effect 

of the 475 nm beam, it was shown that it was most rapidly effective in depleting the higher 

temperature, deeper traps of the TL glow curve, associated with OSL emission from NaCl. 

The existence of traps in the NaCl crystal lattice highly susceptible to this wavelength, 

together with ~100 nm separation from the OSL emission from these crystals, makes it the 

wavelength of choice, for dose measurement and dose distribution imaging using the OSL 

method. 
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6.4.1 Colour Centres as Scatterers for Dose Measurement 

An alternative dose reading approach that we have noted and are investigating further 

based on our findings, is measuring the intensity of stimulation light photons which are 

scattered from the lattice defects which have trapped charges and are acting as colour centres 

following irradiation of the crystal. It is hypothesised that the intensity of this scattered beam 

is a proxy for absorbed dose. As described before, the mechanism of charge capturing in lattice 

defects and creation of colour centres is responsible for the ability to read OSL from this 

material, but we are looking to use the density of the radiogenic colour centres, probed by 

measurement of scattered illumination photons as a measure of absorbed dose. Imaging of the 

stimulation photons scattered from colour centres is in fact just another approach to utilise the 

same mechanism, that of measuring the density of charge trapping at lattice defects following 

irradiation. 

It may be possible to select stimulation wavelengths in which the photons are effectively 

scattered but are very inefficient at bleaching out the colour centres. Hence, many more 

photons can be scattered from a given colour centre before it is erased by bleaching, which 

results in a much greater signal than if OSL is produced, given the subsequent production of 

just one OSL photon. The scattered photon count can therefore be representative of the 

deposited radiation dose, instead of reliance on the much lower intensity of the photon count 

from OSL emission alone, and hence may constitute a relatively non-destructive variant on 

OSL or TL, more analogous to densitometry.  

Therefore, the ideal wavelength for this method would be a wavelength which is 

ineffective in bleaching but is effectively scattered and imaged/measured from the colour 

centres with minimum impact on trapped charge density. Based on data collected for various 

wavelengths in this work, it is considered that the longer wavelengths might be useful for this 

purpose, and initial results can be seen in chapter 7.  
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Chapter 7 

 

Dose distribution imaging using photon scattering 

from irradiation induced colour centres in NaCl 

7. Dose distribution imaging using photon scattering from irradiation induced 

colour centres in NaCl 

7.1 Introduction 

In chapter 5 it was shown that dose, as well as location where it was deposited in a NaCl 

crystal, can be detected and quantified by collecting a signal emitted from the crystal upon 

optical stimulation with a blue laser beam. The integrated signal intensity could be correlated 

to dose.  

Chapter 6 showed that when irradiated NaCl is stimulated with beams of long 

wavelength, there is only slight removal of OSL signal. The following experiment examines 

a novel approach, alternative to dose estimation with OSL, by an attempt to combine the 

outcomes from chapters 5 and 6. It is proposed to detect photons scattered out of the 

illuminating laser beam by radiation induced colour centres, rather than by directly stimulating 

and measuring OSL. These scattered photons can be detected, and the signal intensity 

correlated to the ionizing radiation dose received and stored by the crystal in the form of 

volume density of colour centres. Since the bleaching efficiency of wavelengths in the IR 

range is significantly weaker, and consequently, more scatterers remain in the crystal after a 

given beam exposure energy when stimulated in this wavelength range, weak bleaching of the 

colour centres is expected. This means that the colour centre population will persist much 
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longer and therefore be available to scatter for longer and therefore enable integration of a 

strong scattering signal. Here, the signal from the crystal will not be filtered at all. 

It was shown that a 475 nm beam energy of 103 mJ/cm2 was able to remove 95% of the 

charges trapped in the NaCl crystal lattice as a result of ionizing radiation, whereas 

wavelengths of above 800 nm needed more than 104 mJ/cm2 in order to remove only 50% of 

the signal and more than 106 mJ/cm2 to remove 95% (chapter 6). This was also expressed by 

more rapid OSL signal loss (light sensitive traps) following the irradiation and bleaching steps 

upon application of beams of similar power (100 mJ) but with different wavelength on 

irradiated NaCl grains and subsequent examination of the TL response of each individual glow 

peak. 

 

7.2 The optical setup for measurement of scattered light from irradiated NaCl 

crystal 

Since this work aims to measure absorbed dose by imaging scattered photons from the 

irradiated crystal, a preliminary spectrophotometric measurement was performed on non-

irradiated and irradiated sample, using a UV-VIS-NIR Spectrophotometer (Agilent 

Technologies) across the range of 200 – 1200 nm. This experiment checks whether only one 

type, or several types of colour centres and absorption bands are present in NaCl crystal upon 

irradiation. The absorptance of NaCl crystal was first measured on a new sample. After the 

“empty” sample absorption measurement, the crystal was exposed to 25 Gy with conditions 

that were used in chapter 5.  

At the next stage, following the results of chapters 5 and 6, the readout process of chapter 

5 was repeated, but the 475 nm laser was replaced by a 852 nm diode-pumped solid state laser 

(Crystalaser, USA) with nominal power of 100 mW. A neutral density filter (ND5) was placed 

in front of the laser, to maintain approximately the same beam power as measured for the 475 

nm laser by a PDA100A-Si Switchable Gain Detector (see chapter 5). No additional filtration 
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was used on the light emitted from the sample. The laser power hitting the sample was ~8 mW 

after intensity reduction by the ND5 filter and deflection of a portion of the beam with the 

microscope glass slide to the gain detector (actual laser power, emerging the laser was ~92 

mW). The transmission of the focusing Thorlabs ACL5040U condenser lens at 852 nm is 

90.4% every 10 mm. 

The crystals in this work were the same 5 crystals that were used in chapter 5, and the 

doses were 5, 10, 20 and 25 Gy. 

 
 

7.3 Absorption analysis and 2D imaging of scattered light from irradiated NaCl 

crystal 

Spectrophotometry of irradiated NaCl crystal 

The optical transmission spectra of both non-irradiated and 25 Gy irradiated NaCl 

crystals were examined in the wavelength range of 200 – 1200 nm. Figure 42 shows the 

transmission spectra of a NaCl crystal prior to its first irradiation (new) versus the same crystal 

after irradiation with 25 Gy, with inset zooming in at the 800 – 1200 nm range.  

 
Figure 42 Transmission spectra of a non-irradiated and irradiated NaCl crystal. More detailed 

spectral data in the 800 – 1200 nm range is given in the inset. 
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Absorption bands of NaCl were detected in the UV range (peak at 273 nm) and shorter 

than 200 nm (peak outside measurement range). These absorption bands were detected before 

and after the irradiation and their source is not related to the dose deposition, but is a result of 

formation of Sodium Hypochlorite (ClO  bonds) [96], as the sample was exposed to air prior 

to its measurement. In the visible and NIR range the absorption band was detected having an 

absorption peak at 463 nm and a relatively weak absorption peak at 730 nm; these can be 

attributed to the formation of two different types of colour centres [97]. This result means that 

in the NaCl crystals, used in this work, there is one dominant type of colour centre formed in 

this range. No absorption features were detected in the IR range. 

 

Stimulating beam attenuation 

The changes of the horizontal profile during the optical stimulation are presented in 

Figure 43, after 1, 150 and 300 seconds of integration, for all doses examined in this work. 

Clearly there is higher attenuation at the beginning of measurement, as it was in the case of 

stimulation with a 475 nm laser. However, in this case it is hard to visually estimate the change 

of attenuation pattern. To quantify the change of attenuation behavior over time, linear fit was 

applied to the profiles. 
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Figure 43 Laser beam profiles (horizontal profiles), measured after administering NaCl crystal 
with various radiation doses and integrating the IR laser – stimulated emitted signal for 
different time durations.  
 

The linear equation P(pixel) was obtained using Microsoft Excel function. For the 

profiles of 25 Gy, two functions were fitted, to address the change in the convex profile shape. 

Figure 44 shows the two forms of the linear fit, as applied to the profiles. 

 
Figure 44 Representative horizontal profiles and linear fits of an 852 nm stimulated NaCl crystal 
of a) linear shape attenuation pattern and b) convex shape attenuation pattern 
 

Table 13 uses the equations, acquired by Microsoft Excel linear fit to summarise the 

following information, in order to quantify the change in attenuating behavior of the irradiated 

crystal over time: 
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• Integrated intensity of the proximal pixel (pixel #12, as all profiles were aligned to 

start from the same pixel) 

• Integrated intensity of the distal pixel (pixel #58 based on sample size of 46 pixels) 

• Integrated intensity of the central pixel of 25 Gy profile (pixel #27) 

Dose Integrated counts after 1 

second 

Integrated counts after 150 

seconds 

Integrated counts after 300 

seconds 

5 f(pxl) = -5.4x + 1415 
P(12)  ≈ 1350 
P(58)  ≈ 1100 

 
P(58) ≈ 82% of P(12) 

f(pxl) = 44.6x + 2.5 × 104 
P(12)  ≈  2.54× 104 
P(58)  ≈  2.73× 104 

 
P(58) ≈ 107% of P(12) 

f(pxl) = 73.8x + 3.4× 104 
P(12)  ≈  3.45× 104 
P(58)  ≈  3.8× 104 

 
P(58) ≈ 110% of P(12) 

10 f(pxl) = -4.4x + 2490 
 

P(12) ≈ 2436 
P(58) ≈ 2235 
P(58) ≈ 92% of P(12) 

f(pxl) = -59.5x + 4.9× 104 
 

P(12) ≈ 4.8× 104 
P(48) ≈ 4.6× 104 
P(48) ≈ 95% of P(1) 

f(pxl) = -101.2x + 6.6× 104 
 

P(12) ≈ 6.5× 104 
P(58) ≈ 6× 104 
P(58) ≈ 93% of P(1) 

20 f(pxl) = -27.8x + 4290 
 

P(12) ≈ 3955 
P(58) ≈ 2675 
P(58) ≈ 68% of P(12) 

f(pxl) = -253.8x + 6.5× 104 
 
P(12) ≈ 6.1× 104 
P(58) ≈ 5× 104 
P(58) ≈ 82% of P(12) 

f(pxl) = -313.6x + 8.8× 104 
 

P(12) ≈ 8.5× 104 
P(58) ≈ 7× 104 
P(58) ≈ 82% of P(12) 

25 f(pxl) = 81.7x + 1870 
P(12) ≈ 2852 
P(27) ≈ 4077 
P(27) ≈ 140% of P(12) 

 
f(pxl) = -41.2x + 5215 
P(27) ≈ 4105 
P(58) ≈ 2830 
P(58) ≈ 69% of P(27) 

f(pxl) = 2083.5x + 1.4× 104 
P(12) ≈ 3.9× 104 
P(27) ≈ 7× 104 
P(27) ≈ 180% of P(12) 

 
f(pxl) = -757x + 9.6× 104 
P(27) ≈ 7.5× 104 
P(58) ≈ 5.2× 104 
P(58) ≈ 69% of P(27) 

f(pxl) = 3080.8x + 1.5× 104 
P(12) ≈ 5.1× 104 
P(27) ≈ 9.8× 104 
P(27) ≈ 192% of P(12) 

 
f(pxl) = -1092.6x + 13.5× 104 
P(27) ≈ 10.6× 104 
P(58) ≈ 7.2× 104 
P(58) ≈ 68% of P(27) 

Table 13 Analysis of changes of attenuation patterns from irradiated NaCl crystal at various 
doses after 1, 150 and 300 seconds of optical stimulation with 852 nm laser 
 

Ideally, with all data collected and no attenuation present, the proximal and distal pixels 

would have the same values (P(58) should be 100% of P(12)), which is not the case here.  

The profiles shown here are average profiles for a representative sample, with each dose 

measured 2 – 3 times (except for the 25 Gy profile, which has been measured once only). It 

will be shown in the next paragraph that these results have not been uniform among multiple 

cycles for the same doses, and any discrepancy from the expected outcome should be 
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investigated per individual irradiation and measurement cycle and not as an average behavior 

of attenuation at each dose.  

 

Repeatability 

Horizontal profiles of IR-stimulated signals are shown in Figure 45 for every dose after 

300 seconds integration (25 Gy was measured once only).  

Significant differences in signal intensities on different occasions were observed at 5 

Gy, in profile shape as well as signal intensity. The 10 Gy measurement had more repeatable 

results, but deviations are clearly visible for all three measurements as well. The 20 Gy 

measurements exhibited prominent edge effects that contributed to differences in profile 

shapes on the two occasions. 

 

 
Figure 45  Repeatability (horizontal profiles) of IR-stimulated signal from NaCl crystal at 5, 10 
and 20 Gy, with signal integration over 300 seconds.  
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At this point, more repeats of the measurements would be required in order to 

understand if the lack of repeatability is a result of setup issues or other reasons, and would 

allow exclusion of anomalous (statistical outlier) measurements. 

 

Reproducibility 

Average horizontal profiles of 4 samples, irradiated to 10 Gy and integrated for 300 

seconds, are shown in Figure 46. In agreement with the results of the blue optical stimulation 

(chapter 5), there was significant difference between the signals detected from each crystal, 

with Sample a’ emitting the strongest signal and sample c’ emitting the weakest signal (sample 

e’ was not measured with the 852 nm laser). Sample b’ and d’ had different outcome in both 

cases, with sample d’ stronger for 475 nm stimulation and sample b’ being stronger here, with 

852 nm stimulation. 

  Considering the small intensity differences between these two samples, and the fact 

that there were only a small number of measurement cycles using 852 nm, and their high 

standard deviation, at this point it is not possible to determine if this is a real difference. It is 

noted that this work is a preliminary investigation, attempting to determine dose dependence 

based on scattering and that to improve on results the optical setup must be optimised (see 

summary in chapter 6) in order to verify feasibility and then to determine an appropriate 

measurement procedure. 
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Figure 46 Comparison of the average integrated horizontal profiles of irradiated NaCl crystals 
with the dose of 10 Gy, showing the variations with dose of the OSL intensities of the different 
samples with IR stimulation 
 

2D Dose deposition measurement 

A slightly different approach was taken here in order to look at 2D dose distribution in 

NaCl crystal. The process is described in Figure 47. After stimulation of the crystal in a 

horizontal direction for ~10 minutes (Figure 47a), the sample was flipped and the stimulation 

process was repeated, this time along the short side of the crystal, also for ~10 minutes. There 

are two outcomes to expect: removal of trapped charges from their traps, and as a result 

depletion of scattering entities (Figure 47b) in which case the signal would be both as a result 

of scattering of stimulating photons and OSL; or maintaining the number of filled traps (Figure 

47c), keeping the signal uniform along the stimulation path. The bright zone in the sample 

filling (Figure 47b) indicates that the signal was already collected (also meaning that the 

colour centres are depleted along the laser beam path) in the preceding readout. Figure 47d,e 

and f indicate the idealised horizontal profiles after the stimulation as described in a, b and c 

respectively, with a gap in the profile in Figure 47e as a result of previous readout that emptied 

the traps along this line. 

In
te

gr
at

ed
 p

ix
el

 in
te

ns
ity

 (c
ou

nt
s)

Pixel (horizontal axis)



154 
 

 
Figure 47 Direction of optical stimulation in a crystal for assessment of dose deposition in 2D. 
a) initial stimulation direction; b) flipped sample stimulation after completion of initial 
stimulation, with emptied traps; c) flipped sample stimulation after completion of initial 
stimulation, if the traps are not emptied; d) idealised horizontal profile after initial stimulation; 
e,f) idealised horizontal profile after stimultion of the flipped sample (as in b and c 
respectively). 
 

Figure 48  shows the real horizontal profiles, pixel intensities in surface view and frame-

by-frame intensities of three selected pixels along the stimulation path for a 20 Gy irradiation. 

Profiles and surface intensity are from the integration of signal over the first second of optical 

stimulation. This measurement checks if optical stimulation of a signal from specific voxels 

causes signal loss in other voxels, not stimulated at that moment. Since the signal is the 

strongest at the beginning of stimulation, the short examination time and high dose were 

chosen to avoid noise as much as possible.  

a) b)

d) e)

c)

f)

or

or
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Figure 48 Integrated horizontal profiles when optically stimulated along the long side of the 
crystal(a), followed by horizontal profile when stimulated along the short side (b); 
corresponding surface views (c and d respectively) and corresponding pixel intensities frame- 
by-frame (e and f respecively). 
 

The proximal pixels of the profiles (Figure 48a,b) indicate that this is not the case, and 

about half the signal is not expressed on the second profile. This is not an issue in the case of 

2D imaging, since the signal was recorded as a 2D image, and only then the profile is extracted 
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for the individual laser path. However, this result implies that such signal loss will be a 

problem in 3D measurements.  

Initial intensity differences of individual pixels (1, 2, 3 in Figure 48e, f), with the 

exception of pixel 2 of Figure 48f, are as a result of beam attenuation at the beginning of 

stimulation as was shown in chapter 5 and at the beginning of this paragraph. In the case of 

pixel 2 of Figure 48f, which is placed at the gap where signal was already recorded in previous 

step, the initial intensity is much weaker than at other pixels, but still expresses the decaying 

behavior as other pixels.  The reasons for this could be 1):  incomplete readout at the first step 

of the measurement and hence a small proportion of trapped charges still present at this 

location or 2): stimulating beam photons scattered sideways and recorded as if they were 

emitted from this pixel. The gap at pixel #40 of Figure 48b, as well as intensities examined 

frame-by-frame (Figure 48e, f) indicate that there is a depletion of scattering, even if 

inefficiently,  meaning that 852 nm laser was able to release the trapped charges, making this 

method not feasible for repeatable readouts without depletion correction calculations.  

 

Dose response 

The dose response was assessed in a similar way as for 475 nm stimulation as described 

in chapter 4. Dose response upon 852 nm stimulation is shown in Figure 49, with integration 

of the signal for 1, 150 and 300 seconds from a single sample, 1 – 3 times per dose. 

Considering the lack of repeatability as described previously, dose response would not provide 

accurate dose estimation, as the STD is extremely high, as represented by the error bars. 

However, since this work is an attempt to conduct a concept demonstration of a novel 

alternative measurement method to direct OSL, it is still interesting to see this behavior.  
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Figure 49 Dose response of irradiated NaCl crystal to optical stimulation with 852 nm laser 
after a) 1 second of integration; b) 150 seconds of integration and c) 300 seconds of integration, 
with error bars representing the standard deviation of the total number of counts at the specified 
pixels along the profile.  
 

The overall observed trend of the dose dependence graphs agreed with the results 

acquired with 475 nm laser, with linearity maintained at the pixels, closer to laser entrance 

side and better fit to linearity for longer integration times.  

For more specific examination of the dose sensitivity for 475 nm versus 852 nm 

stimulations, the dose dependence plots of point 2 out of the 5 points of interest were extracted 

from Figure 28d in chapter 5 and from Figure 49c in this chapter for 475 nm and 852 

stimulation wavelengths respectively. These points were chosen as they suffer less from edge 

effects than point 1 but their proximity to the laser entrance face allows more complete signal 

collection than for more distant points 3 - 5. Figure 50 illustrates the difference in the dose 

dependent intensity change when the irradiated NaCl crystal is being stimulated by the two 

wavelengths. This is the place to remind that laser intensity that reached the crystal was of 
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similar order of magnitude in both cases (~6.5 – 8 mW), but the signal from the blue scatter 

was filtered with 1 mm UG11 filter, reducing the scattered stimulating light by a factor of 5.  

 

Figure 50 Comparison of the dose sensitivity of a signal emitted from an irradiated NaCl upon 
stimulation with 475 nm versus 852 nm 
 

The signal recorded by 475 nm stimulation was significantly more sensitive to dose 

absorbed by the crystal, even before the consideration of the scatter filtration, however this may 

simply reflect incomplete extraction of the OSL signal by the lower-efficiency stimulation at 

852 nm.  

 

Visual examination of optically stimulated samples 

Two samples, one after 475 nm stimulation and the other after 852 nm stimulation were 

visually examined after the measurement and are shown in Figure 51. The laser beam path 

was clearly visible after 475 nm stimulation, and completely absent (visually) after 852 nm, 

in spite the fact that intensity decay was observed along the laser path (Figure 47e, f), and 

horizontal profile (Figure 47b, d) clearly indicated lower signal intensity emerging from this 

zone. 
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Figure 51 NaCl crystal after a) optical stimulation with 475 nm laser and b) optical stimulation 
of 852 nm laser 
 

Noting that no absorption band was detected at 852 nm in the transmission spectra 

measurements, it is therefore not as a result of emptying colour centres of a wavelength 

invisible to human eye in the near-IR. Instead, this result can be explained by the difference 

in photon energy of the two stimulation wavelengths, with the lower energy 852 nm not able 

to remove a sufficient proportion of the colour centres to enable this “bleaching” to be detected 

by human vision. Another explanation could be that scatterers other than the blue-band colour 

centres that were depleted by the laser also contributed to the recorded signal, although in this 

case, OSL should also be emitted and recorded by the imaging system, unless hypothetically 

the scatterers of the 852 nm photons were crystal granularity of suitable dimension. At this 

point there is no escape from spectroscopic characterisation of the signal being recorded in 

order to understand the processes contributing to the signal and optimizing the imaging 

mechanism. 

 

7.4 Conclusions 

This chapter discussed the initial results in dose measurement and spatial distribution 

using an 852 nm laser stimulation and the experiment has highlighted several important issues 

that would have direct impact on the future work on this project. 

a) b)
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From a casual glance, it appears that this method is not suitable for measurements of 

doses in the radiotherapy range (~2 Gy), with low SNR even at the higher doses. However, 

there is not enough data to suspend this method from further investigation as a potential 

technique for dose deposition measurements. For example, the difference in dose response of 

two highly sensitive samples, that was not observed when 475 nm laser was used for 

stimulation, could not be understood at this point. High standard deviation between 

measurements at the same doses of the same samples were also more evident when using 852 

nm for stimulation rather than the 475 nm, which leads to a conclusion that these are 

measurement uncertainties resulting from the specific experimental set-ups and 

measurements, and not fundamental limitations on the concept. 

Quantitative comparison of 475 nm and 852 nm stimulated signal was not possible 

because of slightly different experimental setups; whereas the UG11 filter was used in front 

of the camera to filter the blue scattering (as the goal was to measure the OSL and not the 

scattered stimulating light), whereas the intensity of IR beam was only reduced at the beam 

origin and the “emissions” from the crystal were observed otherwise unattenuated.  

Several factors could be causing such results, for example: the samples were not 

protected from environmental impact, and their quality deteriorated over multiple uses. 

Another factor is the high noise as a result of long duration of the signal recording, that was 

required to collect more signal as possible. As was mentioned before, with a short 

measurement, with the intensity of the lasers used in this work, not all data would be recorded. 

Because of attenuation in the sample the signal (photon counts) from the distal pixels will not 

be recorded in full and lead to dose underestimation at these pixels.  

The read-out setup must be improved with higher quality equipment and a much 

stronger and more stable laser; that will allow short stimulation time and faster data collection, 

thus integrating much less noise. Multiple irradiation and stimulation cycles with advanced 

control on sample quality are then required, in order to achieve more accurate measurements 

and to determine proper measurement procedure. 
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At this point, the highest importance is to understand the nature of the recorded signal, 

particularly its wavelength, and to optimise the optical system for that wavelength. Only after 

excellent imaging capability is established, can other parameters then be more definitively 

examined. 
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Chapter 8 

 

Summary, conclusions and future work 

8. Summary, conclusions and future work 

 

8.1 Summary and conclusions 
 

The goal of this work was to design a reusable dosimeter that would be able to provide 

information about radiation dose distribution in a continuous three-dimensional medium upon 

exposure to ionizing radiation. The dose readout would be achieved by recording a 2D image 

of OSL and adding 3D by scanning over the side of the 3D device. The material that would 

be used for such a dosimeter has to satisfy the requirements of a dosimeter to be used in 

radiotherapy, as described in the introduction Chapter 3.  

One of the most important properties is the ability to store the absorbed energy, without 

the loss of information, until the time when this information is evaluated. Since the goal is to 

detect and quantify an optical signal, the material of choice must be transparent to the 

wavelengths involved in the stimulation and emission processes. Chapter 3 explores the 

energy storage ability in various clear optical window materials, by analyzing the TL signal 

that indicates the depth of the traps and the wavelengths of luminescence emission that occur 

in these materials as a result of exposure to x-rays. After elimination of materials with shallow 

unstable traps (that correspond to low temperature TL), materials with multiple overlapping 

traps and undefined signals, the crystals that exhibited favourable results such as high dose 

sensitivity were NaCl and Al2O3. Out of these two, NaCl has been chosen for further 

characterisation due to much superior optical transparency.  
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Chapter 4 investigated the dosimetric properties of NaCl material that are crucial for 

accurate dose measurements: dose dependence and crystal sensitivity to dose storage – 

repeatability and reproducibility.  These properties of NaCl have been widely investigated by 

other research groups. However, since they are dependent on the quality of the crystal (such 

as crystal purity and presence of dopants), it was important to characterise them for the 

specific material that would be used in this work. “Grained” crystals of NaCl showed linear 

dose dependence in the therapeutic dose range (< 20 Gy) and repeatable signal intensity after 

they were exposed to the same dose multiple times (repeatability). However, response of 

different crystal to the same dose exposure showed sensitivity changes between them. To yield 

an absolute value that will indicate the applied dose, correction factors would have to be 

derived. Since this is the first investigation of an OSL from a large crystal for 3D imaging, 

there is an absence of directly comparable materials and related reports in the literature. 

After evaluation of the basic dosimetric properties on NaCl grains, imaging feasibility 

of the dose deposition pattern was verified. Using a 100 mW, 488 nm laser as an optical 

stimulation source, a two-dimensional image of emitted signal was recorded only from the 

volume of the NaCl crystal that was exposed to irradiation. These results demonstrate that it 

is possible to create an image of the dose deposition in two dimensions. Frame-by-frame 

intensity of pixels along the laser beam expressed rapid decay at the first few seconds of 

optical stimulation, implying that a detrapping mechanism of an OSL character is involved. 

This response was not observed at locations outside the laser beam or outside the irradiated 

volume.  

Chapter 5 gives the results of the examination of dose dependence (with the doses of 1, 

2, 4, 8, 10 and 15 Gy), repeatability and reproducibility of a 3D crystal, rather than grains, to 

address the difference between working with large versus microscopic crystals, with the 

stimulating laser beam of 475 nm wavelength, and nominal power of 25 mW. The samples 

were uniformly irradiated, and optical signal was analysed at 5 different locations along the 

stimulating laser beam. The uncertainty in position is dictated by the pixel size of the image, 
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which considering the 24 × 24 binning is ~0.15 mm2. Despite the uniform irradiation the 

intensity as measured along the laser beam decreased at pixels further from the entrance face. 

This effect was the most prominent at the commencement of laser optical stimulation and 

increased with the dose. The effect of beam attenuation on dose estimation was minimised by 

integrating the signal for longer, allowing more complete charge detrapping. In the 

experimental setup used here, even after stimulation of ~5 minutes of the high dose samples 

(10 and 15 Gy) and integration of all the signal the beam profile had not reached uniformity 

but was near linear for the longer integration time. This was also expressed in the form of dose 

dependence graphs, with loss of linearity at high doses and at pixels distant on the sample 

from the laser beam entry point. Linearity was maintained for the lower doses up to 8 Gy. 

Longer stimulation time is not recommended for time efficiency reasons as well as the 

decrease of SNR (after long stimulation, most of the counts recorded by the camera are just 

background noise); instead, the use of a more powerful laser is suggested. STD of the average 

signals, collected from the various samples at different doses are summarised in Appendix C 

and indicate 9 – 20% uncertainty, depending on the crystal. 

In this chapter, calibration factors were derived to compensate for sensitivity differences 

between the samples. However, even after application of these factors, there were differences 

between the samples, due to low SNR at lower doses and incomplete signal collection, mainly 

at the distal locations that contributed to errors in calculation of calibration factors. 

Optimization of the optical setup as well as readout efficiency is predicted to improve the 

SNR, and as a result contribute to the accuracy of this calculation. 

Chapter 6 explores the effect of various stimulation wavelengths on the detrapping of 

light and temperature sensitive traps in irradiated NaCl. Shorter wavelengths significantly 

reduced the OSL signal remanent in the sample whereas longer wavelengths had minimal 

impact on the signal. Namely, wavelengths shorter than 550 nm needed less than ~100 mJ/cm2 

in order to remove 50% of the stored energy, whereas wavelengths of 750 nm and longer 

needed 1000 J/cm2 to achieve the same result.  
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Based on these results, a novel scattering-based approach to dose measurement is 

suggested: since long wavelengths had minimal impact on OSL and TL signals recorded after 

irradiation of NaCl grains, it was suggested to use scattering of photons at these wavelengths 

from the crystal, rather than direct stimulation of OSL. The scattering defects (colour centres) 

are produced as a result of irradiation at a concentration proportional to dose, therefore their 

density can provide dosimetric data in a similar way as to the radiative emptying of the traps 

that produce OSL. A major advantage of this method, if proven feasible, is that the number of 

photons that reach the sensor should be much higher than observed for OSL, as it is predicted 

that each colour centre should scatter multiple photons before being deactivated, hence giving 

rise to a stronger, and therefore more easily detected and more precisely measurable signal. 

Chapter 7 demonstrates the initial results of the alternative approach – that of utilising 

beam scatter – as proposed in chapter 6. NaCl crystals were irradiated with the doses of 5, 10, 

20 and 25 Gy. A 852 nm laser was aimed at the side of the crystal in the same manner as in 

chapter 5 and the scattered signal was recorded as an image, without further filtration. The 

laser power was adjusted with a neutral density filter to obtain the same laser intensity on the 

crystal as with the 475 nm laser. The observed beam attenuation was not as rapid as for the 

475 nm laser with similar integration times. The recorded profiles exhibited poor SNR with 

high STD, leading to poorly repeatable results when imaging scatter of the same doses on 

different days. However, when averaging these results, the dose dependence plot does provide 

a linear trend, therefore even though the results of this chapter suffer from multiple 

uncertainties, this approach appears to have significant promise once these uncertainties 

arising from the necessarily sub-optimal experimental set-up are eliminated.  

This work investigated the dosimetric properties of large optical quality NaCl crystal 

and its feasibility to be developed into a new class of three-dimensional radiation dose sensor 

for radiotherapy. It was shown possible to correlate the collected signal to applied dose, and 

also to localise the origin of the signal on the sample. This read-out method showed an image 

of dose deposition along a line, which is the optically stimulating laser beam. Repeatable 
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results in signal readouts for individual samples indicate that such dosimeters can be reused 

multiple times. To achieve uniform dose read-out from different dosimeters, crystal growth 

and defect concentration would need to be controlled, and dosimeter-specific correction 

factors would be derived for minor differences. With expansion of this read-out method, first 

to a 2D layer of the crystal by scanning in vertical direction, and then to scan in depth, 3D 

dose distribution can be obtained.  
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8.2 Future work 
 

 To address the loss of linearity in the dose dependence graph, it was necessary to 

stimulate the sample, at each point, for longer than 5 minutes. If the scanning of the sample 

was applied in order to acquire the 3D dose deposition information, this process would be 

very tedious and in real world application, with a larger dosimeter, it would be prohibitively 

time consuming. A much higher power, stable laser beam would solve this issue. Since the 

detrapping rate is proportional to stimulating laser power, such a laser would allow the 

collection of data within seconds, contributing not only to the speed of measurement but also 

to noise reduction by minimizing the time-dependent noise components from the imaging 

system. 

  SNR was an issue in this work. Examination of the horizontal beam profiles pixel by 

pixel shows that the uniformly irradiated crystals have not exhibited straight profiles. Hence, 

in addition to the laser power, mentioned above, improvement of the optical and imaging 

system would be needed. Given the performance of the optical setup, only 0.31% of the 

photons emitted from the crystal could be detected, based on solid angle considerations, before 

further losses by attenuation through the lens itself and the filter. For a future set-up, a lens 

that will be able to focus a high quality image when placed as close as possible to the object 

will increase the solid angle and therefore enable a higher photon count to be achievable is an 

essential improvement. A series of lenses such as macro-photography might improve the solid 

angle but increased signal loss due to transmittance through multiple optics must then be 

accounted for. 

Higher doses deposited to the crystal caused higher concentration of radiation-induced 

defects and as a consequence higher self-absorption of the stimulated photons trying to emerge 

from the crystal. The scanning process can be designed in a way that the readout starts at the 

dosimeter side, facing the imaging sensor. However the dose would have to be calibrated to 

self-absorption resulting from core crystal properties (non-irradiated) as well as radiation 

induced absorption. 
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 The transmittance of the lens used in this work at 355 nm (the wavelength of OSL from 

NaCl) is ~82.5% for every 10 mm (BK270). It is noted that there are other lens materials with 

better transmittance at this wavelength (for example, CaF2 and fused silica with ~90% 

transmittance).  

An optimised optical setup should be calculated, with consideration of the ideal distance 

that will allow to increase solid angle without the loss of image quality, lens material and the 

use of series of lenses, as long as the total transmission does not reduce the signal.  

Spectroscopic study of the signal emitted during optical stimulation of irradiated NaCl 

crystal will help to choose the optimal optic components. This step is required since the light, 

emitted from the crystal involves photons resulting from different mechanisms. Even though 

the scattered stimulating photons should have been filtered, some of them may reach the 

imaging sensor, and both OSL and scattered light could be detected by the system. 

Optimization of the optical system to a specific wavelength will distinguish between the 

photons of various sources and wavelengths and improve the imaging performance by 

focusing on read-out of signal from a known effect. 

 Another contributing factor to the noise, that was not quantified, was the physical 

vulnerability of NaCl to the environment: the optical surfaces of the NaCl window crystals 

are highly sensitive to even the slightest abrasion as well as to environmental factors such as 

air humidity. An example of a crystal which has largely lost its optical clearness after multiple 

uses is shown in Figure 52. Crystal coatings or enclosures, that will protect their surface but 

not significantly attenuate either the ionizing radiation or the stimulation and emission photons 

need to be designed and tested. The impact of these coatings on applied dose would be 

quantified and brought to minimum achievable value. 
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Figure 52 NaCl optical windows: new (left) and used multiple times (right). 

 

Further investigation of dosimetric properties is still required, as the following points, 

that are of critical importance in radiotherapy dosimetry, have not been addressed: 

• Directional dependence 

• Dose rate dependence 

• Energy dependence across the wide energy range used in radiotherapy.  

The proposed dosimetric devise is designed for use in radiotherapy, that is, to measure 

dose absorbed by human tissue. Since NaCl is not a tissue-equivalent material, the values, 

measured with NaCl-based device would need to be calibrated for tissue-equivalence. 

 Once the features important in dose determination have been characterised and it has 

been shown beyond all doubt that the use of NaCl is feasible for this purpose, the 3D device 

can be designed, as described in detail in the summary of chapter 5 (5.4.3).  

To conclude, there are three main topics to cover in order to convert the proposed 

method from the concept to a potential product: 

• Optimisation of the optical setup to the wavelength of the emitted signal 

• Strong and stable laser 

• Protection of the NaCl optical surface from environmental damage 
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Appendix A 

Appendix A  
 

Calculation of NaCl crystal self-absorption at 355 nm 

The total transmittance of a typical NaCl optical window as used in this work was measured in 

7.3. At the wavelength of interest, 355.4 nm (expected OSL wavelength from irradiated NaCl, 

as calculated in RL experiment in 4.3) transmittance is equal to 84.4% (Ttotal) for a 5 mm optical 

window. The non-transmitted 15.6% of the incident light results from crystal self-absorption 

plus the fraction of light removed from the beam at the air-NaCl interfaces. 

 

From the Fresnel equations, transmission after loss between two interfaces of different 

refractive indexes ni and nt is given by: 

𝑇 =
4𝑛𝑖𝑛𝑡

(𝑛𝑖 + 𝑛𝑡)2
 

Transmission at salt-air interface: 

ni = 1 (air) 

nt = 1.544 (NaCl) 

→  𝑇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒  = 0.954 = 95.4% 

To calculate the transmission through an optical window having two surfaces (air-NaCl and 

NaCl-air): 

𝑇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
2 = 𝑇𝑑𝑜𝑢𝑏𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑏𝑎𝑐𝑘 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 =  0.91 = 91% 

→ 9% out of the 15.6% of the non-transmitted light is as a result of loss at the air-NaCl 

interfaces, and therefore the remaining 6.6% is as a result of crystal self-absorption, for this 5 

mm optical window. 

During the emission of OSL, the value of interest is the proportion of photons that are 

not removed from the OSL as a result of self-absorption in the crystal. 
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When 6.6% of the photons are removed per 5 mm of optical window, then clearly 93.4% are 

escaping the crystal, hence for 1 mm of NaCl window, √0.9345
= 0.986 = 98.6% escapes the 

crystal. Therefore for 2.5 mm path length through the NaCl, which is the situation in the 

experiments reported in this thesis (assuming the stimulating laser beam hits the sample in the 

middle of the 5 mm side) the photons that escape the crystal are (0.9862.5) = 0.966 = 96.6% 

of the photons that were emitted during the optical stimulation. 
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Appendix B 

Appendix B  
 

Imaging sensor temperature stabilization 

The sensor of the camera, used for dose dependent signal imaging in this work, exhibited 

rapid increase in background counts for the first ~70 minutes of camera activation (~1.2 × 104 

frames, with the camera settings are as follows: frame exposure – 330 ms, binning 24 × 24 

pixels, frame rate of 3 frames per second), followed by stable background intensity. Typical 

backgrounds, as recorded on different occasions prior to imaging of irradiated NaCl windows, 

are shown in Figure 53. Normally, the background stabilised at intensity of 1800 – 1900 

counts/frame. Fluctuations of ± 50 counts were also observed after the stabilization, as 

indicated with arrows in Figure 53 (day 4, purple plot). However, significantly lower 

background was observed on day 1 (blue plot), with ~300 less counts than on the other days. 

This observation was unexpected and occurred only this once, therefore it is noted, but did 

not assist quantification of environmental impact on the sensor, such as surrounding 

temperature. 
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Figure 53 Backgrounds, as recorded on different days prior to imaging process. The plots indicate 
that stable conditions were achieved after ~70 minutes of camera activation. Normally the 
background counts after 70 minutes stabilised around 1850 – 1900 counts (day 1, day 2 and day 
3). Irregularly low background of ~1600 counts was detected on day 4.  
 

In this work, the 2D imaging measurements are recorded for 15 – 20 minutes for each 

irradiated NaCl crystal. Even fluctuations of 50 – 100 counts in background may lead to errors 

in data processing, such as higher or lower than actual background reduction and integration 

of false signal intensity, as fluctuations in background contribute to overall recorded signal. 

The camera incorporates a CCD sensor, which is known to have temperature dependent 

sensitivity: increase in background counts as a function of temperature during the warm-up 

was characterised from the beginning of camera activation, up to 1870 counts, exhibited linear 

dependence, as shown in Figure 54. 
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Figure 54 Background (counts/ frame) as a function of CCD sensor temperature. 

 

Control of the background during measurements requires control and stabilization of the 

temperature of the camera sensor. Sensor temperature, and corresponding background, was 

recorded for the following cooling methods: a) non-cooled temperature dependence; b) cooled 

with dry ice placed below the camera and a heat-conducting rod drawing heat from the sensor 

to the dry ice (heat sink effect); c) Peltier cooling plate placed on top of the camera, as close 

as possible to the sensor. ZP9104 Peltier module, 68 [W] / 8.5 [A], 40X40 mm with leads was 

used in this experiment, with power supplied by low voltage power supply (Industrial 

Equipment and Control Pty. Ltd.). A diecast heat-sink with thermal resistance of 0.72 °C/W 

was placed on top of the Peltier cooler, and a conventional microprocessor fan was used to 

better dissipate the heat. Temperature and corresponding background were monitored every 5 

minutes, using a “CENTER 309” data logger thermometer.  

Comparison of sensor temperature during warmup as a function of time, measured for 

all three configurations, namely without any external intervention, cooled with dry ice, and 

with thermoelectric cooler, are shown in Figure 55. 
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Figure 55 Comparison of cooling methods, applied to the CCD sensor in order to control 
background counts. 
 

The temperature of the sensor, when recorded in natural environmental conditions, or 

cooled with dry ice, reached thermal stability after 70 minutes of activation, as judged by the 

background, as shown in Figure 53 and Figure 55. When the thermoelectric cooler was used, 

the system reached 15 °C after 40 minutes of cooling and was not measured further, to avoid 

condensation. The background counts of the sensor during the cooling with the  thermoelectric 

cooler (primary axis), as well as corresponding temperature (secondary axis) are plotted as a 

function of time in Figure 56. From Figure 56, the decrease in temperature (and as a result, in 

background counts) is not rapid below ~19 °C.  Also, reaching temperatures lower than ~15 

°C is not desirable due to risk of condensation. Therefore, the temperature range of 17 °C – 

18 °C was chosen for the measurements, as this range is not adjacent to temperature which 

leads to rapid signal increase, but also far enough from 15 °C to protect the apparatus from 

condensation. 
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Figure 56 Background (counts/ frame) and temperature (°C) as a function of time during cooling 
with thermoelectric cooler. 
 

Characterization of temperature dependence is not enough, since to be able to avoid 

fluctuations during measurement, we must be able to control the temperature of the sensor. 

Prior to quantitative signal comparison, performed to show repeatability and reproducibility 

of signal emitted from NaCl windows, background counts level of the camera sensor must be 

stabilised. Dry ice is not an optimal option: ice must be constantly refilled, which makes the 

process very laborious when performed for a long time. The minimum achievable temperature 

with ice cooling is ~33 °C. As can be seen from Figure 56, background counts increase more 

rapidly with temperature, at higher temperature range. To keep uniform background over long 

measurement periods, considering temperature fluctuations, it would be beneficial to be able 

to cool the sensor to lower temperatures. In addition, condensation was a big issue in this 

setup, that could lead, in a long run, to equipment malfunction.  

It was concluded that a simple setup, containing a thermoelectric cooler and power 

supply, is suitable for this role. It allowed more flexibility in choosing the measurement 

temperature, and ease of temperature maintenance in the chosen range. The temperature can 

be controlled and maintained in a desirable range by variation of applied voltage.  The Peltier 
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cooler, used in this experiment, was limited to current of 8 A and 15 V. However, increasing 

the voltage and current above the listed values was not required. Voltage, applied to 

thermoelectric cooler, corresponding current, minimum achievable temperature and 

background intensity, are summarised in Table 14. Minimal temperature at 8 V was not 

measured. 

Voltage (V) Current in Peltier 
Cooler (A) 

Minimum achievable 
Temperature (°C) 

Average background 
(Counts / frame) 

2 0.85 22 1255 
4 1.65 19 1240 
6 2.4 17 1230 
8 3.2 Below 15 °C Below 1228 

Table 14 Minimal temperature of the sensor as a function of voltage, applied to the 
thermoelectric cooler. 
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Appendix C 

Appendix C 
 
Mean and STD signals in crystal per point per dose 

 
  Sample a’ Sample b’ Sample c’ Sample d’ Sample e’ 
Location Dose average std (%) average std (%) average std (%) average std (%) average std (%) 

1 

1 6.16E+04 4.84 4.01E+04 19.69 3.62E+04 12.33 4.90E+04 15.72 3.64E+04 12.44 
2 9.59E+04 13.87 8.53E+04 18.25 6.50E+04 4.31 9.05E+04 11.84 7.34E+04 27.03 
4 1.20E+05 1.35 8.40E+04 9.07 5.32E+04 12.78 1.04E+05 21.08 5.37E+04 6.86 
8 1.69E+05 6.77 1.14E+05 2.10 8.55E+04 17.62 1.47E+05 17.97 6.46E+04 11.12 
10 2.20E+05 10.56 1.64E+05 4.34 2.22E+05 9.70 2.20E+05 7.57 1.85E+05 9.81 
15 2.33E+05 19.93 1.90E+05 13.47 3.13E+05 35.88 2.76E+05 11.83 2.50E+05 42.86 

2 

1 5.40E+04 21.10 4.43E+04 17.37 3.59E+04 15.21 5.45E+04 5.70 2.64E+04 33.41 
2 7.72E+04 19.08 7.94E+04 13.52 5.84E+04 3.63 7.75E+04 18.95 7.38E+04 22.10 
4 1.30E+05 3.10 9.06E+04 12.40 5.75E+04 30.37 1.07E+05 24.89 5.43E+04 16.44 
8 1.77E+05 9.47 1.32E+05 2.73 8.17E+04 5.32 1.43E+05 12.90 7.14E+04 10.00 
10 2.07E+05 11.99 1.58E+05 9.86 1.45E+05 11.65 1.88E+05 2.88 1.41E+05 3.58 
15 2.22E+05 9.88 1.81E+05 13.16 2.43E+05 36.79 2.61E+05 11.61 1.85E+05 25.06 

3 

1 5.02E+04 19.61 4.58E+04 10.99 4.28E+04 22.60 4.51E+04 15.19 4.36E+04 26.48 
2 9.20E+04 16.71 7.27E+04 22.69 4.93E+04 0.66 8.14E+04 10.77 6.31E+04 2.37 
4 1.24E+05 1.49 1.01E+05 6.16 5.08E+04 15.56 1.05E+05 20.19 5.66E+04 32.82 
8 1.74E+05 1.36 1.30E+05 7.78 7.30E+04 10.07 1.56E+05 2.74 6.48E+04 25.72 
10 2.07E+05 2.08 1.52E+05 7.35 1.41E+05 37.66 1.89E+05 16.66 1.29E+05 18.14 
15 2.28E+05 19.53 1.70E+05 12.23 1.75E+05 16.30 2.31E+05 9.88 1.55E+05 27.16 
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4 

1 5.28E+04 17.34 4.02E+04 13.42 3.86E+04 14.01 4.92E+04 33.86 3.45E+04 27.40 
2 8.09E+04 12.69 7.83E+04 10.24 7.12E+04 16.26 9.20E+04 0.82 5.78E+04 30.06 
4 1.21E+05 3.49 9.76E+04 3.79 5.60E+04 12.15 9.51E+04 14.83 5.36E+04 14.96 
8 1.59E+05 4.42 1.20E+05 10.11 6.74E+04 8.21 1.51E+05 12.08 6.44E+04 5.52 
10 1.97E+05 0.99 1.44E+05 9.81 1.42E+05 18.52 1.94E+05 17.47 1.26E+05 15.56 
15 2.35E+05 8.64 1.60E+05 12.64 1.91E+05 43.88 2.23E+05 7.61 1.54E+05 42.51 

5 

1 4.72E+04 17.17 4.55E+04 8.77 3.42E+04 6.89 5.08E+04 16.70 2.97E+04 13.47 
2 8.12E+04 12.01 8.16E+04 16.15 5.61E+04 30.36 8.58E+04 6.23 6.23E+04 8.38 
4 9.91E+04 11.35 8.17E+04 2.07 4.37E+04 3.38 9.67E+04 6.23 4.68E+04 18.88 
8 1.39E+05 9.37 1.20E+05 12.14 5.80E+04 10.55 1.33E+05 4.99 4.85E+04 17.27 
10 2.01E+05 4.18 1.36E+05 2.53 1.19E+05 15.78 1.94E+05 13.41 9.59E+04 9.00 
15 2.21E+05 1.54 1.47E+05 13.93 1.75E+05 45.70 2.12E+05 12.32 1.21E+05 52.93 

Table 15 Average values and STD per dose per sample per location 
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   STD (% of average integrated signal) 
location dose (Gy) Sample a’ Sample b’ Sample c’ Sample d’ Sample e’ 

1 

1 4.8 19.7 12.3 15.7 12.4 
2 13.9 18.2 4.3 11.8 27.0 
4 1.3 9.1 12.8 21.1 6.9 
8 6.8 2.1 17.6 18.0 11.1 
10 10.6 4.3 9.7 7.6 9.8 
15 19.9 13.5 35.9 11.8 42.9 
Average 9.6 11.2 15.4 14.3 18.4 
STD 6.7 7.2 10.9 4.9 13.9 

2 

1 21.1 17.4 15.2 5.7 33.4 
2 19.1 13.5 3.6 18.9 22.1 
4 3.1 12.4 30.4 24.9 16.4 
8 9.5 2.7 5.3 12.9 10.0 
10 12.0 9.9 11.6 2.9 3.6 
15 9.9 13.2 36.8 11.6 25.1 
Average 12.4 11.5 17.2 12.8 18.4 
STD 6.7 4.9 13.5 8.2 10.7 

3 

1 19.6 11.0 22.6 15.2 26.5 
2 16.7 22.7 0.7 10.8 2.4 
4 1.5 6.2 15.6 20.2 32.8 
8 1.4 7.8 10.1 2.7 25.7 
10 2.1 7.4 37.7 16.7 18.1 
15 19.5 12.2 16.3 9.9 27.2 
Average 10.1 11.2 17.1 12.6 22.1 
STD 9.4 6.1 12.5 6.1 10.8 

4 

1 17.3 13.4 14.0 33.9 27.4 
2 12.7 10.2 16.3 0.8 30.1 
4 3.5 3.8 12.1 14.8 15.0 
8 4.4 10.1 8.2 12.1 5.5 
10 1.0 9.8 18.5 17.5 15.6 
15 8.6 12.6 43.9 7.6 42.5 
Average 7.9 10.0 18.8 14.4 22.7 
STD 6.2 3.4 12.8 11.2 13.2 

5 

1 17.2 8.8 6.9 16.7 13.5 
2 12.0 16.2 30.4 6.2 8.4 
4 11.4 2.1 3.4 6.2 18.9 
8 9.4 12.1 10.5 5.0 17.3 
10 4.2 2.5 15.8 13.4 9.0 
15 1.5 13.9 45.7 12.3 52.9 
Average 9.3 9.3 18.8 10.0 20.0 
STD 5.7 5.9 16.2 4.8 16.7 

Table 16 STD in % per dose per sample per location 
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Appendix D 

Appendix D 
 
Correction per sample per dose 
 

  Signal ratios (Ci j), normalised to sample b’ 
Location Dose Sample a’ Sample b’ Sample c’ Sample d’ Sample e’ 

1 

1 0.65 1.00 1.11 0.82 1.10 
2 0.89 1.00 1.31 0.94 1.16 
4 0.70 1.00 1.58 0.81 1.56 
8 0.68 1.00 1.34 0.78 1.77 
10 0.75 1.00 0.74 0.74 0.89 
15 0.81 1.00 0.61 0.69 0.76 
mean 0.75 1.00 1.11 0.80 1.21 
STD 0.09 0.00 0.37 0.09 0.39 
% 12.10 0.00 33.67 10.74 32.21 

2 

1 0.82 1.00 1.23 0.81 1.68 
2 1.03 1.00 1.36 1.02 1.08 
4 0.70 1.00 1.58 0.85 1.67 
8 0.74 1.00 1.62 0.92 1.85 
10 0.76 1.00 1.09 0.84 1.12 
15 0.81 1.00 0.74 0.69 0.98 
mean 0.81 1.00 1.27 0.86 1.40 
STD 0.12 0.00 0.33 0.11 0.38 
% 14.31 0.00 25.67 12.97 26.98 

3 

1 0.91 1.00 1.07 1.02 1.05 
2 0.79 1.00 1.47 0.89 1.15 
4 0.81 1.00 1.99 0.96 1.79 
8 0.75 1.00 1.78 0.83 2.01 
10 0.73 1.00 1.08 0.81 1.18 
15 0.75 1.00 0.97 0.74 1.09 
mean 0.79 1.00 1.40 0.87 1.38 
STD 0.07 0.00 0.42 0.10 0.41 
% 8.41 0.00 30.30 11.75 29.83 

4 

1 0.76 1.00 1.04 0.82 1.17 
2 0.97 1.00 1.10 0.85 1.35 
4 0.81 1.00 1.74 1.03 1.82 
8 0.75 1.00 1.77 0.79 1.86 
10 0.73 1.00 1.02 0.74 1.14 
15 0.68 1.00 0.84 0.72 1.04 
mean 0.78 1.00 1.25 0.82 1.40 
STD 0.10 0.00 0.40 0.11 0.36 
% 12.53 0.00 32.12 13.27 25.63 

5 1 0.96 1.00 1.33 0.89 1.53 
2 1.00 1.00 1.45 0.95 1.31 
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4 0.82 1.00 1.87 0.84 1.74 
8 0.86 1.00 2.07 0.91 2.48 
10 0.68 1.00 1.14 0.70 1.42 
15 0.66 1.00 0.84 0.69 1.21 
mean 0.83 1.00 1.45 0.83 1.62 
STD 0.14 0.00 0.46 0.11 0.46 
% 16.94 0.00 31.55 13.15 28.68 

Table 17 Signal ratios, normalised to sample b’, for calculation of calibration factor 

 
 
 

 Uncorrected data 
 Dose Sample a’ Sample b’ Sample d’ Average STD % 
1 53155.13 43163.88 49729.98 48683.00 5077.24 10.43 
2 85440.41 79447.07 85433.19 83440.23 3458.17 4.14 
4 118759.36 90982.16 101684.04 103808.52 14009.93 13.50 
8 163523.91 123264.27 146023.10 144270.43 20186.97 13.99 
10 206339.71 151098.24 197080.29 184839.41 29585.20 16.01 
15 227690.48 169419.23 240340.55 212483.42 37827.23 17.80 

Table 18 Average signal intensity per dose per sample (along the five locations of the profile 
range), prior to application of calculated calibration factor. 
 
 

 Corrected data  
 Dose Sample a’ Sample b’ Sample d’ Average STD % 
1 42168.83 43163.88 41608.86 42313.86 643.06 1.52 
2 67781.28 79447.07 71481.59 72903.31 4867.49 6.68 
4 94213.74 90982.16 85078.60 90091.50 3782.21 4.20 
8 129726.19 123264.27 122176.91 125055.79 3332.17 2.66 
10 163692.66 151098.24 164896.24 159895.71 6240.13 3.90 
15 180630.58 169419.23 201091.92 183713.91 13112.84 7.14 

Table 19 Average signal intensity per dose per sample (along the five locations of the profile 
range), after application of calculated calibration factor. 
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