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Abstract 

There is a need to better understand the risks of low level radiation dose in medical 

diagnostic procedures and ensure that dose measurements are accurate and traceable to 

National Standards.  Users of instruments typically calibrate their dosimeters with one type 

of radiation beam with a specific photon energy spectrum (referred to as beam quality) and 

then may use these dosimeters to measure radiation in other types of radiation beam 

qualities over a different range of photon energies.  This is not a problem if the dosimeter 

response is relatively constant for a broad range of photon energies. However, the response 

of the optically stimulated luminescent (OSL) dosimeters studied in this work have a 

relatively strong energy dependence for photons with energies less than 100 keV.  

Moreover, since this work focused on measuring doses in diagnostic units only, where the 

mean photon energies are below 100 keV, using a single calibration based on an 80 kVp 

beam quality as provided by the vendor of the system could result in inaccurate dose 

measurements.  To address this hypothesis, as part of this work, the system was calibrated 

independently using other beam qualities that better match those of diagnostic units 

including: RQR50, RQR60, M60, M80 and M100 (Lamperti & O'Brien, 2001), available 

at the National Institute of Standards and Technology (NIST).  A comparison was then 

made of the air kerma measured by the OSL system using both the vendor’s OSL reader 

calibration and the independent calibration implemented in this work.  This comparison 
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shows that when measuring air kerma in x-ray beams with beam qualities that have energy 

spectra different than the energy spectra of the x-ray beam in which the vendor prepared 

their calibration set (80 kVp x-ray beam), significant differences of up to 20% are observed.  

Because of this comparison, a set of beam quality correction factors (BQCF) were 

developed that allows correcting the air kerma values measured with the vendor’s 

calibrated OSL system, to account for the differences in energy spectra in the air kerma 

measurement for different beam qualities and ensuring traceability to the national standard 

for air kerma. 
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Chapter 1 

Introduction 

 

In the last two decades, optically stimulated luminescence (OSL) dosimetry, specifically the 

system that uses carbon doped aluminum oxide (Al2O3:C) as the dosimetry material, has become 

an acceptable method of personal dosimetry.  An OSL dosimeter operates by generating a light 

signal that is proportional to the incident ionizing radiation to which the material was exposed.  

In brief, when the OSL dosimeter material is exposed to ionizing radiation, it creates trapped 

electron states inside the OSL material. When this material is exposed to light with wave lengths 

between 400 nm to 700 nm, these excited electronic states in the material will de-excite, giving 

off energy in the form of light (Jursinic, 2007).  The intensity of this emitted light, referred to as 

optically stimulated luminescence, is proportional to the dose of ionizing radiation absorbed by 

the OSL material.  OSL readers have the dual function of stimulating the OSL material with light 

while simultaneously measuring the emitted luminescence with a photomultiplier tube (PMT).  

This emitted luminescence is then translated into a number, which the reader provides as counts.  

Reading the light output from an OSL dosimeter is fast and relatively simple.  To read the light 

output is similar to the process used to read Thermo-luminescence dosimeters (TLDs).  In both 

cases, the luminescence signal is measured using a PMT (Botter-Jensen, McKeever, & Wintle, 

2003).  However, the stimulating signal for a TLD is based on heating the dosimeter as opposed 

to stimulating it with light as with OSL dosimeters. 

The use of OSL dosimetry may be preferred to the traditional TLD because an OSL dosimeter 

may be read multiple times after a single exposure to radiation without a significant loss of the 

original radiation induced signal.  When an OSL is stimulated with light, only a small portion of 

the trapped electrons are released. This is unlike a TLD in which, when the dosimeter material is 
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heated up, the thermal stimulation causes almost all radiation induced excited states to be de-

excited by releasing the trapped electrons.  This essentially resets the dosimeter reading to zero 

(i.e. to a background reading) (Jursinic, 2007).   

The re-readability of OSL dosimeters makes them attractive for use in medical applications.  

This capability allows the dosimeter to be used, read, and stored to be read again later should 

there ever be a desire to check the previous exposure measurement.  However, when used with 

low energy x-rays (50 keV-120 keV), there is a strong dependence of the OSL dosimeter’s 

response with photon energy.  In this energy range, OSL dosimeters tend to over respond and 

indicate a higher dose than what was received.  For this work, an OSL dosimetry system sold by 

Landauer® was fully characterized. This system is composed of a Microstar® OSL reader and 

an OSL dosimeter called nanoDotTM.   Part of this characterization consisted of calibrating the 

OSL reader using the calibration set of OSL dosimeters sold by the vendor, exposed in the 

vendor’s reference x-ray beam that has a maximum x-ray tube voltage of 80 kVp (Landauer, 

Inc., 2012).  This calibration set of OSL dosimeters provided by Landauer® is the only set sold 

by the vendor for use with the dosimetry system to measure dose in x-ray beams.  Therefore, the 

typical calibration of the OSL dosimetry system is made with this single 80 kVp set of OSL 

dosimeters.  Calibrating the OSL reader with OSL dosimeters exposed to one x-ray beam energy 

does not account for any difference in the measurement of dose resulting from different types of 

x-ray beams that have different energy spectra.  For example, one could ask how accurate the 

dose measurement would be for an x-ray radiation beam of 50 kVp.  To address such concerns, a 

total of five independent calibration sets of OSL dosimeters were prepared from five different x-

ray beam qualities using the national standard references beams maintained by the National 

Institute of Standards and Technology (NIST).  The beam qualities included:  RQR50, RQR60, 
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M60, M80, and M100 (Lamperti & O'Brien, 2001).  An x-ray beam quality is defined by the 

voltage applied to the x-ray tube and the beam filtration, which then results in different energy 

spectra.  These five independently created calibration sets will allow for a comparison between 

the OSL system air kerma (dose in air) measurements when the Landauer® calibration is used 

and when the independent calibration made at NIST is used.  Since these calibration curves were 

developed for the OSL reader using calibration sets of OSL dosimeters made in the NIST 

reference standard beams, the dose measurements determined using these calibrations are 

traceable to the National Standard for air kerma.   

After the OSL system was characterized and the system was calibrated, air kerma measurements 

were made using the nanoDotTM OSL dosimeters in x-ray beams of the same beam quality that 

were used to calibrate the OSL reader.  The air kerma values, which were determined by using 

the five independent calibration curves, were then compared with the air kerma values 

determined by using the Landauer® 80 kVp calibration curve.  From this comparison, a set of 

five correction factors, accounting for differences in the x-ray beam qualities, were determined to 

allow for the correction of the air kerma values as measured by the nanoDotTM OSL dosimeters 

based on the Landauer® calibration curve.  

As part of this work, a separate investigation was conducted to develop a device that would 

allow for bleaching of the OSL dosimeters. The process of bleaching an OSL dosimeter, as 

described in the chapter ahead, resets the dosimeter to a background value so that it can be 

exposed again to a new dose and therefore be reused multiple times.  For this type of OSL 

dosimeter, the nanoDotTM, there is no commercially available device that will bleach these 

dosimeters.  Over the course of this investigation a device was developed and constructed to 

provide an efficient and reproducible method of bleaching this type of dosimeter.   
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1.1. Optically Stimulated Luminescence Dosimetry 

The concept of OSL dosimetry has been around for many years.  The first use of what is known 

today as OSL was by Antonov-Romanovsky (Antonov-Romanovsky, Keirim-Markus, 

Poroshina, & Trapeznikova, 1956).  Working with various sulfide materials, it was noted that 

when these materials were exposed to infrared light, a luminescence could be observed.  It would 

take several decades until a suitable material would be found that could be used as an OSL 

dosimeter. This search was slowed because many of the materials tested generated only shallow 

traps when exposed to radiation, and with these shallow traps the dosimeter would fade.  Fading 

is where the dosimeter would lose its dose signal easily from either normal ambient light, or 

exposed to room temperature (Yukihara & McKeever, 2011).   

Eventually a breakthrough came when scientists at the Urals Polytechnical Institute in Russia 

were designing a new material to be used for thermoluminescence.  They developed an anion-

deficient aluminum oxide material doped with carbon.  This new material provided a sensitive 

dosimetry response, but it was also noted that the dosimeter signal faded or lost its dose when 

exposed to direct sunlight or room light.  Further work was performed at Oklahoma State 

University which resulted in several U.S. patents and ultimately the development of a 

commercialized OSL dosimeter (Yukihara & McKeever, 2011). 

1.2 Optically Stimulated Luminescentce Phenomenon 

The basic principle of operation of an OSL dosimeter is that a material absorbs some energy 

when it is irradiated and stores this energy in the form of trapped electronic states.  When the 

material is subsequently exposed to a visible stimulating light of wave lengths between 400 nm 

to 700 nm, the OSL material will emit a light (luminescence) which is proportional to the amount 

of energy the material absorbed (Botter-Jensen, McKeever, & Wintle, 2003). 
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The OSL phenomenon can be visually understood in terms of the band theory of solids which 

describes the energy states of an electron moving in a solid (Knoll, 2010).  While in an atom, an 

electron can have discrete energy states, in a solid these energy states form energy bands.  The 

highest filled energy band in the solid is referred to as the valence band.  The first empty band 

above the valence band is called the conduction band.  In between these two bands there is an 

energy gap.  The classification of materials as electrical conductors, insulators and 

semiconductors can be easily understood with band theory; conductors easily allow for flow of 

electrical current, insulators resist the flow of electrical current and semiconductors possesses 

properties in between those of conductors and insulators (Knoll, 2010).   

The degree to which a material will be able to conduct electricity will depend on the ability of 

electrons to move in the conduction band of the solid.  In a conductor, the valence band and 

conduction band overlap, allowing electrons from the valance band to move freely between the 

valence and conduction bands.  In a perfect insulator, the valence and conduction bands are 

separated by an energy gap of a few eV (depending on the material) and there are no 

intermediate energy states within this band gap (Botter-Jensen, McKeever, & Wintle, 2003).  In 

the material used in OSL dosimetry, impurities are added to an insulating material to create 

energy levels within the band gap near these impurities.  When an OSL is exposed to ionizing 

radiation, the radiation interacts with electrons in the valence band of the material causing them 

to move to the conduction band.  When this occurs, a subsequent “hole” is created in the valence 

band.  These electrons and holes can then move freely within their respective bands until either 

an electron recombines with a hole or they become trapped in one of the intermediate energy 

levels within the band gap referred to as trapped states (McKeever, et al., 1999).  Electrical 

charges (either holes or electrons) can live trapped in these states for long periods of time unless 
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the material is exposed to light or thermal stimulation.  In the case of OSL dosimeters, when the 

material is stimulated with light, these trapped charges are released, generating visible light 

because of the decay of these trapped states. As the number of trapped states increases, so does 

the intensity of the emitted light.  This light intensity is proportional to the dose of ionizing 

radiation absorbed by the OSL dosimeter (Jursinic, 2010).  

In regard to the trap states mentioned above, an electron will become trapped in one of three 

general types of traps.  These traps are distinguished by the energy difference between them and 

the valence band. They are shallow, intermediate, and deep traps.  Shallow traps do not require a 

large amount of energy to be released (Jursinic, 2007).  Typically, these traps release electrons 

when the OSL material is at room temperature.  This causes an almost immediate decay in signal 

after the OSL has been irradiated.  Deep traps, unlike shallow traps, require a large amount of 

energy to free the trapped electrons.  Electrons in deep traps are stable and require that the OSL 

material be heated to 900 °C before these electrons are released (Landauer, Inc., 2012).  Due to 

the large amounts of energy required to release these deep traps, these electrons will not be set 

free through light stimulation (Jursinic, 2010).  The third type of traps are the intermediate traps.  

These traps are stable at a room temperature, but these electrons can be released with light 

stimulation, unlike the electrons in deep traps.  To release the electrons from these intermediate 

traps, a wide spectrum of light can be used.  This spectrum of light ranges from 400 nm to 700 

nm, though the most efficient trap release will occur with light that has a peak wavelength of 

about 475 nm (Jursinic, 2007).  Since these electrons will remain trapped until stimulated and the 

resulting signal is proportional to exposure, the material is ideal for use in dose determination.  A 

schematic of the OSL phenomenon can be seen in Fig 1.1. 
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Figure 1.1 Optically stimulated luminescence phenomenon 

schematic. 1) Incident radiation interacts with electron (indicated 

by black circle), 2) The electron is released, 3) The electron 

becomes trapped (a-shallow trap, b-intermediate trap, c- deep trap, 

and d-), 4) Hole generated from released electron, 5) Stimulating 

light interacts with trapped electron, 6) Electron release and 

recombines with hole, and 7) Light is emitted due to recombination. 

(Jursinic, 2007)  
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Chapter 2 

Materials and Methods 

2.1 Optically Stimulated Luminescence Dosimeter 

The OSL dosimeters used in this study are called nanoDotsTM and are shown in Fig. 2.1.  Each 

dosimeter is composed of a single disk containing the dosimeter material inside a light-tight 

black case which is 1 cm x 1 cm x 0.2 cm in size.  The dosimeter material is a 5 mm diameter 

white disk made of Al2O3:C. This material is 0.2 mm thick with polyester foils on either side 

(Jursinic, 2007).  

 The plastic casing has a density of 1.03 g/cm3, and the thickness of the case covering the front 

and back of the OSL is 0.36 mm (Jursinic, 2010).  As shown in Fig. 2.1, the OSL disk can be slid 

Figure 2.1 Different views of the nanoDotTM Dosimeter. 

(a) Front view of dosimeter with 2D barcode, (b) Back 

view of dosimeter showing manufacturer’s sensitivity 

value (e.g. DN091) and dosimeter serial number (e.g. 

20125B), (c) Front view of dosimeter with the dosimeter 

disk exposed to be read in an optically stimulated 

luminescence dosimeter reader.  The arrow indicates the 

direction the disk slides out of the holder to expose this 

disk.  (Landauer, Inc., 2012) 

                    (a) 

 

                    

               (b) 

 

          (c) 

       ---------> 
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out of the casing to allow for reading or bleaching.  Each dosimeter is identified by a serial 

number and an associated 2D barcode which are both printed on a label as shown in Fig. 2.1. 

This serial number and associated 2D barcode allow the user to track and record the dosimeter, 

either visually or using a barcode reader.  These dosimeters are created in batches in an oxygen 

deficient environment and doped with up to 500 ppm carbon (Botter-Jensen, McKeever, & 

Wintle, 2003).  The Al2O3:C material is then crushed, mixed, and reformed into a sheet to 

provide uniformity across the batch (Perks, Le Roy, & Prugnaud, 2007).  The dosimeter disks are 

then cut from this sheet and the final dosimeter is assembled. 

2.2 Optically Stimulated Luminescence Dosimeter Reader 

The commercial OSL reader that was used for this study was the Microstar® reader 

manufactured by Landauer®.  This system can be seen in Fig 2.2.  The reader includes a drawer 

which allows the OSL dosimeters to be inserted into the light tight environment of the reader.  

This ensures the OSL is only exposed to light from the reader, and the PMT exposed to only 

light from the OSL.  This reader can be used with multiple types of OSL dosimeters.  Depending 

Figure 2.2 Optically stimulated luminescence reader system.  (Consisting of 

Microstar® reader, laptop computer and nanoDotTM holder-adaptor)  

Reader  
Control 
Dial 

Reader 

Drawer 

OSL nanoDotTM holder-

adaptor with nanoDotTM 

inside 
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on the type of OSL dosimeter, a unique holder adapter may be required.  A rotating dial is 

located on the front of the reader which controls the reader operation (Landauer, Inc., 2012).  

Reading an OSL dosimeter with this OSL reader is a relatively simple process.  First, the OSL 

serial number and any remarks concerning the dosimeter are inputted into the reader software 

(the reading screen can be seen in Fig 2.3).  Next, the OSL dosimeter is inserted into the drawer 

using the nanoDotTM holder adapter shown in Fig. 2.2.  The drawer is then shut and the reader 

control dial is turned to the “E1” position.  This starts the read cycle which exposes the OSL to a 

stimulating light while simultaneously collecting the light emitted (luminescence) from the OSL.  

This reading cycle takes approximately one second. The reader control dial can then be returned 

to its home position to allow the user to open the drawer to remove the dosimeter that has just 

been read (Landauer, Inc., 2012).  The reader is then set up to read another dosimeter.  

Figure 2.3 Measurement of an optically stimulated luminescence signal after various times of 

optical bleaching.  (Landauer, Inc., 2012) 
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This type of OSL reader uses a continuous wave light stimulation, meaning that the stimulating 

light coming from LEDs will remain illuminated while the OSL is being read.  Light filters are 

used to prevent the stimulating light from creating false signals in the photomultiplier tube 

(PMT) when the emitted light is being read.  Between the LEDs and the OSL, a Melles Griot 

OG515 filter is placed.  This ensures that only light around 532nm reaches the OSL.  A Hoya 

B370 filter is placed between the OSL and the PMT to ensure that only light between 410 nm to 

420 nm reaches the PMT (Jursinic, 2007).  

When the OSL is stimulated by a light source, it emits a weak visible light.  This light is 

collected by a PMT that converts the light into an electrical signal, which is in turn converted by 

the reader into a number with a value of counts.  These counts are proportional to the dose to 

which the OSL dosimeter was exposed. This count value constitutes the reading of the dosimeter.  

A schematic of this process can be seen in Fig. 2.4.  

The process the PMT uses to create an electrical signal starts with a photocathode, which is a 

photosensitive material that will convert any interacting photons into electrons.  As the 

photocathode releases electrons, they are pulled to an electrode called the dynode which is 

charged to several hundred volts.  Due to a large positive charge, secondary electrons are 

released and the number of electrons present increases.  This process happens several times until 

Figure 2.4 Schematic of the optically stimulated luminescence reading process.  (Botter-Jensen, 

McKeever, & Wintle, 2003) 
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there is a large quantity of electrons.  This multiplication process ultimately creates a large signal 

that can be detected (Knoll, 2010).  This large signal is proportional to the amount of absorbed 

dose in the OSL.   

2.3 Bleaching Optically Stimulated Luminescence Dosimeters 

Bleaching an OSL is the process of resetting the existing dose reading of the dosimeter to a 

background value so that it can be re-used and exposed to a new dose if desired.  This is 

achieved by releasing the trapped electrons in the OSL dosimeter, thus releasing the stored 

energy.  Currently, there is no commercial bleaching device available for nanoDotTM dosimeters.  

One possible reason for this is because, in a clinical setting, this type of OSL dosimeter can be 

used not only for dose measurement in diagnostic procedures, but also for radiation therapy 

applications.  When used in therapy, the OSL could receive a dose greater than 2 Gy. If this 

occurs, bleaching does not remove the entire radiation-induced signal. This high dose will also 

affect the individual OSL sensitivity (Reft, 2009), thus limiting the dosimeter to a single use 

only.  Since this project involved only low doses of radiation which are less than 50 mGy, the 

OSL dosimeters could be reused many times before reaching a life time dose greater than 2 Gy.    

To allow for the dosimeter to be reused, it was deemed necessary to develop a method, along 

with the design and construction of a device to bleach the nanoDotTM dosimeter after each use.  

In researching the published literature for available bleaching techniques for this type of OSL 

material, two methods were found (Jursinic, 2010). One method consisted of exposing OSL 

dosimeters to light from a halide tungsten lamp, while the other consisted of exposing OSL 

dosimeters to light from a commercial compact fluorescent light (CFL) bulb.  A comparison of 

the results from these two methods from published literature can be seen in Fig. 2.5 (Jursinic, 

2007).  From these two published methods of bleaching, exposure to CFL bright white bulbs was 
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chosen for this experiment for several reasons.  The first is that the CFL bulb has a low heat 

output when energized.  This simplified the development of a bleaching device for OSL 

dosimeters because cooling methods would not be required during the OSL dosimeters bleaching 

process.  Second, a bright white bulb gives off a broad spectrum of visible light.  This ensured 

that the OSL dosimeters were exposed to light which possessed peak intensities at wave lengths 

within the 400 nm to 700 nm range, the range that is most effective in releasing intermediate 

trapped electrons (Jursinic, 2007).  The bright white CFL bulb light spectrum contains light 

throughout this range of light spectrum with peaks at 430 nm, 547 nm, and 612 nm (Herrman, 

2011).  This light spectrum can be seen in Fig. 2.6.  Lastly, CFL bulbs were relatively affordable 

and readily available in local hardware stores.  Compact florescent bulbs with intensities of 13 W 

and 23 W were selected to be evaluated for their bleaching efficiency.  These intensities were 

tested instead of a 14 W bulb discussed in the publication because these two bulbs were 

immediately available.  The specifications of the two bulbs can be seen in Table 2.1.  The CFL 

bulbs tested both produced a bright white light with a light temperature of 3,500 °K (Lowe's, 

n.d.) (The Home Depot, n.d.).  

Figure 2.5 Measurement of an optically stimulated luminescence signal 

after various times of optical bleaching.  (Jursinic, 2010) 

14W Compact 

Fluorescent 

Light 
150W Tungsten 

Halogen Lamp 
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 To compare the bleaching performance of these two CFL bulbs, eight dosimeters were selected; 

four to be bleached with the 13W bulb, and four to be bleached with the 23W bulb.  Although 

the original dose delivered to all eight dosimeters was not the same, the initial count value (and 

associated dose value) were similar for tests of both bulbs. Typical initial count values (as read 

by the OSL reader) for the OSL dosimeters used during all of these tests varied between 2000 

and 60000 counts.  The initial table top bleaching set up shown in Fig. 2.7 consisted of a small 

desk lamp which was used to power both of the CFL bulbs tested.  The desk lamp height was 

adjusted so that the bulb was at approximately 7.5 cm from the table surface.  To ensure that the 

OSL dosimeters were placed in the same location for each trial, a sheet of paper was marked 

with a 5 cm diameter circle.  This circle was then positioned so that it was directly under the 

bulb.   

Figure 2.6 The light spectrum of a CFL bright white bulb.  Color represents the 

light color at that wavelength.   (Herrman, 2011) 
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Table 2.1 Specifications of 13 W and 23 W CFL light bulbs used for bleaching optically 

stimulated luminescence dosimetry.  (Lowe's, n.d.) (The Home Depot, n.d.) 

 13W Bulb 23W Bulb 

Bulb Brand UtilitecTM EcosmartTM 

Light Color Bright White Bright White 

Light Output (lumens) 825 1600 

Color Temperature (°K) 3,500 3,500 

Wattage (watts) 13 23 

Incandescent Watt Equivalence 

(watts) 
60 100 

Bulb Shape Spiral Spiral 

Bulb Diameter (cm) 4.6 6.1 

Bulb Height (cm) 11.5 10.9 

 

To commence bleaching, each one of the OSL dosimeters was manually opened so that the 

Al2O3:C disk was exposed to the lamp light as shown in Fig. 2.1 and 2.7.  The dosimeter was 

then oriented with the 2D barcode facing up and the each of the Al2O3:C disks pointed towards 

the middle of the 5 cm circle as shown in Fig. 2.7.  Initial bleaching tests were conducted by 

exposing the OSL to the light from the desk lamp for a period of about two hours.   

This time frame was selected based on a review of the research completed by Jursinic when he 

compared a tungsten-halogen lamp to a CFL bulb as seen in Fig. 2.5 (Jursinic, 2007).  In 

addition, several tests were conducted where the bleaching time was varied between 1 hr and 24 

hrs to find the minimum optimum bleaching time for the OSL dosimeters used in this work. 

Following the exposure of the OSL dosimeters to the desk lamp, the light was turned off and the 

OSL dosimeters were closed to prevent further exposure to room light.  To prevent erroneous 
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signal response due to phosphorescence, a period of three minutes was allowed to elapse before 

reading the OSL as recommended in the published literature (Jursinic, 2007).   

To perform this work, 242 OSL dosimeters were used.  Potentially any number of OSL 

dosimeters would need to be bleached at any given time prior to use to measure doses or to 

prepare calibration sets of OSL dosimeters.  Based on the results from the tests above, it takes 

approximately two hours to bleach a batch of four OSL dosimeters.  Therefore, bleaching all 242 

OSL dosimeters in batches of four OSL dosimeters at a time would be impractical. Due to the 

need to be able to bleach many OSL dosimeters in a short period, a prototype bleaching device 

was designed and built as part of this project.  This bleaching device was based on the tests and 

research conducted using the table top set up and described earlier in this section.  The bleaching 

device consisted of a 38 cm x 38 cm x 32 cm structure.  This structure was made of aluminum 

bars while the walls were made of thin aluminum sheets. A photograph of the device is shown in 

Figure 2.7 Set-up using a table lamp with a CFL bulb to bleach an optically stimulated 

luminescence dosimeter. 
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Fig. 2.8 and Fig. 2.9.  The device consisted of four, 23 W CFL bulbs plugged into two power 

strips supported by a metal plate as seen in Fig.2.9.  This allowed the lights to be suspended over 

the OSL dosimeters. 

To reproduce the bleaching conditions achieved with the table top set up shown in Fig. 2.7, the 

light intensity was measured to establish a benchmark for designing the geometrical parameters 

of the new bleaching device. The goal was to adjust the geometrical parameters in the new 

bleaching device in such way as to obtain a similar light intensity on the OSL dosimeters used 

with the table top set up.  To perform this test, a Chroma-meter CL-200, which measures the 

illuminance in units of Lux (lx), was used (Konica Minolta).  The illuminance measurements 

confirmed that the light was uniform across the bleaching area and on the area in which the OSL 

dosimeters were laid.  This provided an indication that the design parameters for the placement 

of the bulbs in the device were appropriate. The illuminance measurements were performed in 

Figure 2.8 Side view of bleaching device. 
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two steps.  First, the Chroma-meter was used to measure the illuminance delivered to the OSL 

dosimeters using the table top set up from Fig. 2.7 using a 23 W bulb (Konica Minolta). The 

window of the Chroma-meter was placed at the same distance as the OSL dosimeters were 

placed under the desk lamp when they were annealed using the table top set up of Fig. 2.7.  Due 

to the similar size of the probe window and the circle in which the OSL dosimeters were placed 

in the table top set up, only one measurement was performed directly under the CFL bulb.  Light 

measurements were then performed in the bleaching device to observe the light intensity in the 

bleaching area.  This was to verify the light intensity was similar to the initial bleaching 

conditions tested with the desk lamp, and that the light intensity was uniform across the 

bleaching area. 

Figure 2.9 Underside of bleaching device. 
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With the construction of the bleaching device completed, tests were then conducted to analyze 

the bleaching performance of this new device using actual OSL dosimeters.  These tests were to 

check that all OSL dosimeters bleached in a single session with the bleaching device would 

reach a background value of counts like that achieved using the table top set up shown in Fig. 

2.7. In addition, this also tested the bleaching device’s ability to uniformly bleach all the OSL 

dosimeters in the bleaching area.  This was accomplished with a tray constructed to position 88 

OSL dosimeters inside the bleaching device as shown in Fig. 2.10.  The OSL positioning tray 

consisted of a piece of metal wrapped in white paper.  The white paper was divided into eight 

rows and 11 columns creating 2.54 cm x 2.54 cm squares.  With this grid, the actual performance 

of the bleaching device could be tested by noting the location in which each OSL was placed 

during bleaching.   

Figure 2.10 Optically stimulated luminescence dosimeter positioning tray used with the newly 

developed bleaching device.  The photo shows the OSL holders in the opened position, exposing 

the Al2O3:C disks to the bleaching light. This set up was use for test#1.  
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To verify the device’s ability to bleach a large batch of OSL dosimeters, two separate bleaching 

tests were performed. In test #1, a batch of 45 OSL dosimeters which had been exposed to 

various doses were selected to be annealed.  These OSL dosimeters were read to obtain a 

baseline measurement and then placed into one of the grid squares.  The placement of the OSL 

dosimeters was arranged so that OSL dosimeters with similar amounts of counts are spread 

around the bleaching tray.  The rows in which the OSL dosimeters were placed were selected to 

ensure that there were OSL dosimeters across the width of the bleaching device.  To achieve 

uniformity in the two initial bleaching tests, and to established a uniform procedure for further 

OSL bleaching, all the OSL dosimeters were positioned so that the 2D-barcode was facing the 

source of light.   

Once all OSL dosimeters were read and their locations recorded, the OSL dosimeters were 

opened and the tray was placed into the bleaching device.  The 23 W bulbs were then turned on 

and the OSL dosimeters were annealed for two hours.  The bulbs were then turned off and the 

OSL dosimeters were immediately closed to prevent the Al2O3:C disks from being exposed to 

any additional light.  After waiting for a period of 30 minutes, the OSL dosimeters were then 

read and the results analyzed.  The post bleach counts were observed to be around 100 counts, 

which corresponded with the results obtained using the desk lamp.  For test #2, this method was 

repeated using a batch of 88 OSL dosimeters.   

2.4 Optically Stimulated Luminescence Dosimeter Individual Sensitivity 

When a group of OSL dosimeters is irradiated to a common dose and subsequently read, there 

will be small variations in the readings that each of the OSL dosimeters provide.  These 

variations in the readings are the result of the individual sensitivity of each dosimeter. This 

difference in sensitivity among all OSL dosimeters can be due to several factors, the main one 
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being the manufacturing process.  These differences can be generated by small variances in the 

concentration of Al2O3:C in the different manufactured batches of material from which the 

dosimeter disks are cut. The difference in sensitivity for OSL dosimeters produced from the 

same batch is expected to be of the order of a few percent. For practical purposes, Landauer® 

sets a fixed nominal sensitivity value for all OSL dosimeters within a same batch.  The 

sensitivity for all the OSL dosimeters used in this project had a vendor-defined sensitivity value 

of 0.81.   

As part of the work involving the characterization of the OSL dosimetry system, an independent 

determination of the relative sensitivity for all OSL dosimeters used in this work was performed.  

For this purpose, measurements were made to determine the relative sensitivity of each 

individual OSL dosimeter. The sensitivity for each OSL dosimeter was then determined 

experimentally by comparing the response to radiation of each dosimeter to the average response 

of a group of dosimeters as expressed in the equation below.    

                                                          Si =
Ri

R̅
                                             (Equation 2.1) 

Where:  

Si is the sensitivity of an OSL identified by the letter “i"  

Ri is the readout of the OSL in units of counts from the OSL reader  

R̅ is the average readout value of a selected group of OSL dosimeters  

To perform the OSL sensitivity measurements, the OSL dosimeters were annealed using the 

bleaching box to clear any stored counts that they might have had.  Once bleached, the OSL 

dosimeters were then read five times each.  These five readings were then averaged to determine 
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the pre-exposure counts that each individual OSL contained.  All of the OSL dosimeters were 

then exposed to an air kerma value of 5 mGy in the NIST reference 137Cs gamma-ray beam 

(Kessler, Allisy-Robers, & Minniti, 2014).  After exposure, the OSL dosimeters were read once 

again five times each and these readings were averaged.  To determine the change in counts due 

to this irradiation, the first five count average was subtracted from the final five count average.  

This yielded the net counts Ri as defined in equation 2.1 from the 137Cs exposure.  

To evaluate R̅ in Eq. 2.1, a group of OSL dosimeters was selected for which the average was 

calculated. In this work, two different groups were considered. The first group used the entire 

population of OSL dosimeters used in this work, which amounts to 242 OSL dosimeters.  The 

second group consisted of a subset of 30 OSL dosimeters, out of the entire population of OSL 

dosimeters.  The 30 OSL dosimeters that were selected in this second group were those that were 

closest to the average of the entire population of 242 OSL dosimeters.    

As mentioned in the paragraphs above, the before and after exposure value of counts was 

obtained using the average of five individual readings of the OSL dosimeters.  This number of 

readings was set to account for small variations in individual OSL dosimeter readings.  When an 

OSL dosimeter is read, a drop in the value of counts from one read to the next observed, 

however, this drop is not consistent, and in some cases this value of counts sometimes go up.  

Therefore, a single reading is not representative of this average variation.  To address this issue 

investigations were conducted in this work by varying the number of readings between 1 and 10.   

2.5 Optically Stimulated Luminescence Dosimeter Calibration Curves 

When an OSL dosimeter is read using an OSL reader, the readout value is expressed in units of 

counts. As described in previous sections, the number of counts read by the OSL reader is 
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proportional to the dose of radiation incident on the OSL dosimeter.  To convert the count signal 

into a measurement of air kerma, a calibration coefficient is needed.  This calibration coefficient 

converts the unit of counts from the OSL reader to a unit of air kerma, the gray (1 Gy=1 J/kg). 

This allows the user to be able to effectively track a person’s exposure when the OSL is being 

worn.  In this project, two methods were used to determine this calibration coefficient which we 

refer to hereafter as:  The Landauer® Method and The Independent Method   

The Landauer® Method (Landauer, Inc., 2012) 

The Landauer® Method refers to the approach provided by the vendor of the dosimetry system 

for calibrating the OSL reader.  This method is followed by the end user to calibrate the reader 

and determine the air kerma on the OSL dosimeters by anyone purchasing the Landauer® unit.  

This method relies on a calibration set of OSL dosimeters prepared and sold by the vendor.  The 

calibration set is composed of a set of OSL dosimeters that had been irradiated to a known air 

kerma value of x-rays in an 80 kVp x-ray beam with a half-value layer (HVL) of 2.9 mm-Al 

(refers to a beam of x-rays with a tube voltage of 80 kVp).  The 80 kVp based calibration curve 

(counts vs. dose) and associated calibration coefficients using this calibration set and the 

software sold by the vendor constitutes the Landauer® Method.   

Landauer® provides a user manual with a procedure on how to calibrate the OSL reader. This 

procedure calls for the use of four separate sets of three OSL dosimeters each to complete the 

calibration.  Two sets of these OSL dosimeters are exposed to air kerma of less than 10 mGy for 

the low range calibration and two sets are exposed to an air kerma of greater than 10 mGy for the 

high range calibration (Landauer, Inc., 2012).  A fifth set of OSL dosimeters are not exposed and 

are used as a zero value for the high and low range calibration curves.  For each calibration 

range, the two sets of OSL dosimeters, along with the non-exposed OSL dosimeters are read 
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once.  With satisfactory reads obtained, the calibration readings are accepted and a calibration 

coefficient is created.  The OSL reader software can then provide a dose reading upon reading an 

OSL. 

The Independent Method 

The Independent Method, refers to the method developed in this work to build calibration curves 

(of counts vs. air kerma) using an independent calibration set of OSL dosimeters prepared using 

the NIST reference standard x-ray beams. A total of five calibration sets of OSL dosimeters were 

built, one for each of the x-ray beam qualities studied in this work: RQR50, RQR60, M60, M80, 

and M100.   

The nomenclature of these beam qualities consists of a group of letters followed by a number.  

The number is the voltage applied to the x-ray tube and is therefore the maximum energy in the 

energy spectrum of emitted x-rays.  The letters such as M or RQR represent the degree of 

filtration of these beams. For example, M stands for a moderately filtered x-ray beam. RQR 

represents a diagnostic type of reference beam, which in general also have a moderate type of 

filtration as defined by the International Electrotechnical Commission standard document used in 

Europe (International Electrotechnical Commission, 2005).  The RQR50 and RQR60 were 

generated specifically for this work.  Table 2.2 lists the amount of filtration and HVL for each 

one of the five beam qualities used in this work.  The air kerma rate delivered by the NIST 

reference x-ray beam qualities were determined by using a free air chamber with relative 

standard uncertainty of 0.5 % for the air kerma delivered (Lamperti & O'Brien, 2001).  
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Upon setting up the x-ray machine parameters, an air kerma was delivered to the OSL dosimeters 

as measured in units of gray (1 Gy = 1 J/kg).  Since the air kerma rate value is fixed at the 

irradiation distance used, the exposure time was adjusted to obtain all desired values of air kerma 

delivered.  The OSL dosimeters were mounted using a Bakelite frame and a piece of packing 

tape with the sticky side towards the x-ray machine.  A Bakelite frame and packing tape were 

used to minimize the amount of x-ray scatter resulting from additional items being present in the 

beam.  An alignment laser marking was used to mark the center of the packing tape which was 

then marked so that the laser could be turned off when the OSL dosimeters were mounted on the 

frame.   

Once exposed to their specific air kerma in the x-ray range, each OSL dosimeter was then read 

10 times.  The first five reads were averaged, as were the full 10 reads. The five count average 

and 10 count average were then compared.  This comparison was made to determine the best 

method of establishing accurate counts for the OSL dosimeter.  The averages were necessary 

because each single read of an OSL dosimeter will have a small amount of variation due to small 

variations in the number of trapped electrons released during the OSL dosimeter reading.  This 

introduces a possible degree of variability that could impact the calibration determination if only 

a single read were used.  Reading the OSL five times and averaging the results helps to reduce 

Table 2.2 Filtration and Half Value Layers measured in mm of 

Aluminum.  (Lamperti & O'Brien, 2001) 

 

Beam Quality 
Filtration 

(mm of Al) 

HVL 

(mm of Al) 

M60 1.81 1.68 

M80 2.86 3.08 

M100 5.25 5.1 

RQR50 2.86 2.38 

RQR60 2.86 2.0 
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this variability, however with each read, the stored counts in the OSL decrease.  A 10 count 

average further reduces the amount of variability, but the continued reduction in stored counts 

after each subsequent read will also start to increase the amount of uncertainty in the reads.  

Ultimately, a five count average was selected as the best method by which to count OSL 

dosimeters for the calibration curves.   

The air kerma delivered to a given OSL can be obtained from the OSL readout in units of counts 

and the calibration coefficients from Table 3.3 by using the equation below (Landauer, Inc., 

2012). 

                                                              𝐾𝑖 =
(𝑅𝐹𝑖𝑛𝑎𝑙,𝑖−𝑅𝐼𝑛𝑖𝑡𝑖𝑎𝑙,𝑖)

(𝐶𝑞∗𝑆𝑖)
                                   (Equation 2.2) 

Where: 

Cq is the calibration coefficient in units of counts per gray for the NIST x-ray beam 

quality Q  

RFinal,i is the readout in units of counts for OSL identified by the letter i (i=1 to 242) after 

exposure  

RInitial,i is the readout in units of counts for OSL identified by the letter i (i=1 to 242) prior 

to exposure  

Ki is the total air kerma delivered to the OSL identified by the letter i (i=1 to 242)   

Si is the sensitivity value for the OSL identified by the letter i (i=1 to 242)   
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2.6 Optically Stimulated Luminescence Dosimeter Energy Response 

By developing calibration coefficients for different beam qualities, air kerma measurements can 

be performed with OSL dosimeters using Eq. 2.2.  To compare the response of the Landauer® 

Method and the Independent Method developed in this work, nine OSL dosimeters were exposed 

to a known air kerma value of 6 mGy in each of the beam qualities which were used to generate 

the Independent Method calibration curves.  When using the Landauer® Method to determine air 

kerma, the sensitivity value for eq. 2.2 was the value provided by Landauer®, which is the 

provided nominal value of sensitivity of (Si) 0.81.  When the Independent Method was used, the 

Si value was set to unity for all OSL dosimeters.  Once the air kerma was calculated with these 

two methods, the two values were then compared to each other to determine if the Landauer® 

calibration was sufficient over a range of x-ray beam qualities. 

2.7 Application of the Characterized Optically Stimulated Luminescence Dosimetry System 

The previous paragraphs described how the OSL dosimetry system used in this work was 

characterized. If air kerma measurements are made with nanoDotTM OSL dosimeters in a clinic 

using the Landauer® calibration, which is based on an 80 kVp x-ray beam, then correction needs 

to be applied to account for differences in the energy spectra when x-ray beams that are 

significantly different are used. To demonstrate a clinical application, the OSL dosimeters were 

used to measure the air kerma delivered by a radiographic unit, Indico100®, which was operated 

at several maximum x-ray tube voltage potentials.  These measurements were conducted at the 

Food and Drug Administration (FDA) in Silver Spring, Maryland, which owns the device. The 

x-ray tube potentials used to irradiate the OSL dosimeters were 50 kVp, 60 kVp, and 80 kVp.  

To vary the air kerma values delivered to the OSL dosimeters, the tube current was adjusted 

between 100 mA to 500 mA for the different irradiations.  When irradiated, the OSL dosimeters 
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were mounted in a similar manner as the OSL dosimeters when they were irradiated at the x-ray 

beams at NIST.  They were suspended by a thin piece of packing tape which was mounted to a 

support frame to generate as close as possible the conditions of having an exposure free in air.   
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Chapter 3 

Results 

3.1 Optically Stimulated Luminescence Dosimeter Bleaching 

Table 3.1 shows the initial results of bleaching the nanoDotTM OSL dosimeters using the desk 

top table lamp set up when the OSL dosimeters were bleached for two hours as described in the 

previous chapter.  These tests show that both the 13 W and the 23 W bulb can effectively reduce 

the value of the count readings of an OSL down to ~125 counts.  These initial tests were 

conducted for various bleaching times up to 12 hours, but there was no significant difference 

observed in these longer bleaching times.  This confirmed that a two-hour timeframe was 

adequate for bleaching OSL dosimeters using the table top set up shown in Fig. 2.7.  It was noted 

that both the 13 W and the 23 W CFL bulbs significantly reduced the counts of all the OSL 

dosimeters.  However, because the average of the final counts being lower for the 23 W bulb, 

this bulb was selected to be used for all future bleaching.   

Table 3.1 Results of the initial bleaching test using a desk lamp with a 13 W and 23 W CFL 

bulb, with an exposure time of two hours. 

Bulb 

Type 

OSL Serial 

Number 

Initial Exposure 

using 137Cs  

(mGy) 

Initial Counts Final Counts 

23W CFL 

Bulb 

DN08188105V 2 2404 100 

DN08186573M 10 9005 100 

DN08188091W 20 16409 108 

DN08188480R 80 63073 143 

13W CFL 

Bulb 

DN08180557M 2 2580 125 

DN08182704R 10 8568 135 

DN08183166S 20 16945 136 

DN08181009W 80 63435 150 
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After successfully bleaching the OSL dosimeters with the desk lamp set up, a first prototype 

bleaching device was designed and built as described in Chapter 2.  The uniformity of the light 

intensity delivered by the new bleaching device was characterized by using a Chroma-meter to 

measure the illuminance across the area where the OSL dosimeters were placed as shown in Fig. 

2.10.  To perform these measurements, the bleaching area on the OSL position tray shown in Fig. 

2.10 was marked using the pattern seen in Fig. 3.1.  The value of the maximum light intensity for 

each location on the OSL positioning tray was recorded in Table 3.2.  It was noted that the 

illuminance measured inside the bleaching device was 50% less than the illuminance value of 

29330 lux measured with the table top set up as shown in Table 3.2.  This lower value was 

assumed to be the result of the bleaching area being open to air and light leakage along the sides.  

To increase the value of the illuminance inside the device, walls made of aluminum foil were 

added to reflect any escaping light back into the bleaching area. Following this modification of 

the bleaching device, measurements of the illuminance were repeated and a significant increase 

in illuminance was obtained.  The values of the illuminance obtained with and without the 

aluminum foil added around the bleaching device are shown in Table 3.2.  The final 

configuration for all subsequent work used the aluminum foil walls. 

Once the construction of the bleaching device was finalized, two tests were conducted to 

evaluate the bleaching power of the new device.  The two tests referred to here as test #1 and test 

#2 were introduced in Chapter 2.  For test #1 45 OSL dosimeters were bleached, while for test 

#2, 88 OSL dosimeters were bleached.  For both tests, all OSL dosimeters were bleached for two 

hours.   
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Table 3.2 Illumination measurements of bleaching device and desk lamp.  Location of 

measurements can be seen in Fig. 3.1. Note 1 – Measurement not performed.  

Location 
Luminescence without foil 

(lx) 

Luminescence with foil 

(lx) 

Desk lamp under bulb 29330 N/A 

Bleaching Device 

Location - A 13750 27700 

Location – B 13700 26540 

Location – C Note 1 25340 

Location – D 14570 25910 

Location – E 14930 25100 

Location – F 13290 24990 

Location – G Note 1 24950 

Location – H Note 1 23210 

Location - I 13040 22860 

 

Prior to bleaching, all OSL dosimeters were read to obtain the initial, or pre-bleach, count 

readout on each dosimeter.  Then each OSL was opened exposing the OSL disk, as shown in Fig. 

2.1 position c, to allow the OSL material to be exposed to the bleaching light.  The OSL 

Figure 3.1 Locations of light measurements 

in bleaching device. 
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dosimeters were then positioned on the bleaching tray shown in Fig. 2.10 and were bleached for 

a period of two hours.  After the two-hour bleaching period, the OSL dosimeters were removed 

from the bleaching device and the OSL disk was pushed back into the OSL case to minimize the 

effects of any ambient light in the room.  After 30 minutes, all OSL dosimeters were read once 

again to measure their post-bleach counts.  Fig. 3.2 and Fig. 3.3 show the pre-bleach and post-

bleach readings of all OSL dosimeters used in test #1, while Fig. 3.4 and Fig. 3.5 shows the pre-

bleach and post-bleach readings of all OSL dosimeters used in test #2.  It was noted that in both 

tests, some OSL dosimeters were not able to be annealed down to less than 1000 counts.  These 

OSL dosimeters were determined to be outliers, and after several annealing attempts their 

baseline counts did not decrease further than the value obtained with the first bleaching attempt.  

Upon further investigation, it was discovered that these OSL dosimeters were measured to have 

greater than 75,000 counts prior to bleaching.  These pre-existing initial high count values are 

likely the reason why the baseline value of these few OSL dosimeters could not be reduced 

below 1,000 counts.  The comparison of these two bleach attempts can be seen in Fig. 3.2, 3.3, 

3.4, and 3.5.   
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Figure 3.2 Bleaching test #1, counts prior to bleaching.  The graph shows the optically 

stimulated luminescence dosimeter counts vs position on the bleaching tray after being exposed 

to radiation but prior to being bleached. The height of each bar in the graph represents the 

response of the dosimeter in units of counts read by the optically stimulated luminescence 

dosimeter reader.  The doses to which all dosimeters in this batch were exposed to was random 

as indicated by the distribution of bar heights in the graph.  

Figure 3.3 Bleaching test #1, counts after bleaching for two hours.  The graph shows 

the optically stimulated luminescence dosimeter counts vs position after bleaching. 

The height of each bar in the graph represents the response of the dosimeter in units 

of counts read by the optically stimulated luminescence dosimeter reader.   
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Figure 3.4 Bleaching test #2, counts prior to bleaching. The graph shows the optically stimulated 

luminescence dosimeter counts vs position on the bleaching tray after being exposed to radiation 

but prior to being bleached. The height of each bar in the graph represents the response of the 

dosimeter in units of counts read by the optically stimulated luminescence dosimeter reader.  

Figure 3.5 Bleaching test #2, counts after bleaching for two hours. The graph shows the optically 

stimulated luminescence dosimeter counts vs position after bleaching. The height of each bar in 

the graph represents the response of the dosimeter in units of counts read by the optically 

luminescence dosimeter reader.  
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3.2 Optically Stimulated Luminescence Dosimeter Individual Sensitivity 

To perform a sensitivity measurement each individual OSL was exposed to a known air kerma of 

5 mGy in an 137Cs beam.  After being irradiated in the 137Cs beam, the OSL dosimeters were read 

and, using the net counts from this irradiation, two separate measurements of sensitivity were 

made.  The first method to determine individual OSL sensitivity used the average of all 242 OSL 

dosimeters being used for this work. In this method, the net counts for all the OSL dosimeters 

was averaged to create a sensitivity coefficient for the entire population.  The percent difference 

between an individual OSL value and this group average was then calculated to determine an 

OSL’s relative sensitivity when compared to the entire population.  This comparison of the 

relative sensitivity values from this method is seen in Fig. 3.6. 

The second measurement of independent sensitivity was made using a “Gold Set”.   A “Gold 

Set” is a select group of OSL dosimeters from the entire population, which is used as a reference 

Figure 3.6 Percent difference of the individual optically stimulated luminescence dosimeter 

response from the R ̅ group determined using the average of entire optically stimulated 

luminescence dosimeter population. 
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set.  To determine which OSL dosimeters would be included in this “Gold Set”, the OSL 

dosimeters were sorted by highest to lowest net counts.  From this group, the mean of the entire 

population was determined.  The 15 OSL dosimeters with counts immediately higher than the 

mean and the 15 OSL dosimeters with counts immediately below the mean were selected to be 

the “Gold Set”.  The net counts from these 30 OSL dosimeters were then averaged and this 

average was used to create the relative sensitivity for the rest of the population.  The percent 

difference between an OSL’s counts and the “Gold Set” average was then calculated to 

determine a OSL’s relative sensitivity using the “Gold Set”.  The comparison of sensitivity 

values from this method is seen in Fig. 3.7.  

 

Figure 3.7 Percent difference of the individual optically stimulated luminescence dosimeter 

response from the R ̅ group determined using average of the Gold Set of optically stimulated 

luminescence dosimeters. 
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As mentioned in section 2.4, the before and after exposure value of counts was obtained using 

the average of five individual readings of the OSL dosimeters.  In average, each reading of an 

OSL drops relative to the initial reading by a small percentage of the order of 0.4%.   In 

investigating the ideal number of times to read an OSL dosimeter, the number of readings was 

varied between 1 and 10.  It was found that 5 was a good representation of this variation without 

compromising the accuracy of the OSL measurement.  A sample of the data that was obtained as 

part of this subset of studies is shown in table 3.3. 

Table 3.3 Comparison of the average counts for five optically stimulated luminescence 

dosimeter readings to a single reading, and the average counts for 10 optically stimulated 

luminescence dosimeter readings to a single reading.  The percent deviation for one standard 

deviation for a 5 read average is 1.4%.  The percent deviation for one standard deviation for 

a 10 read average is 1.6% 

OSL 

ID 

Air 

Kerma 

(mGy) 

Single 

Read 

(Counts) 

5 Read 

Average 

(Counts) 

5 Read 

Standard 

Deviation 

(Counts) 

10 Read 

Average 

(Counts) 

10 Read 

Standard 

Deviation 

(Counts) 

A1 2 7333 7213 131 7130  132 

A2 2 7499 7230 194 7143 193 

A3 2 7279 6933 221 6816 209 

A4 2 7743 7467 160 7305  214 

B1 10 31219 31281 262 31003 369 

B2 10 32045 31788 161 31253 586 

B3 10 30257 30074 239 29858  333 

B4 10 32052 31163 597 30513 793 

C1 50 153860 153951 823 152540 1948 

C2 50 146363 144446 1634 142209 2617 

C3 50 147596 147756 1491 146273 1882 

C4 50 153835 149925  3076 147945  3170 
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3.3 Optically Stimulated Luminescence Dosimeter Calibration Curves 

As described both in Chapter 1 and Chapter 2, an Independent Method for calibrating the OSL 

reader was developed as part of this work.  The Independent Method consisted of calibrating the 

reader for use in five different x-ray beams:  RQR50, RQR60, M60, M80, and M100.  To 

calibrate the reader with these five different beam qualities, five calibration sets of OSL 

dosimeters were prepared in the NIST reference x-ray beams.  Prior to creating all five 

calibration sets of OSL dosimeters, an initial round of irradiations was performed to determine 

the best method to establish the final calibration curves for this work.  To accomplish this, an 

initial round of irradiations of OSL dosimeters in the NIST reference beams was performed with 

the M60 and the M80 x-ray beam qualities.  To perform this initial calibration, seven sets of 

three OSL dosimeters were selected for each beam quality.  Six of the sets were exposed to the 

following randomly chosen air kerma values: 2, 10, 50, 200, and 1,000 mGy.  The last set was 

used as a control set and a zero value for the OSL dosimeters.  To determine the low range 

calibration coefficient, the 0, 2, 10, and 50 mGy values were used. The 0, 200, and 1,000 mGy 

sets were used for the high range calibration coefficient.  Each of these sets were comprised of 

four separate OSL dosimeters which had never previously been exposed, totaling to 28 OSL 

dosimeters used to establish this calibration curve.  The OSL dosimeters used for these 

calibration curves were read 10 times each and a comparison of 1 read versus 5 reads versus 10 

reads was made. Only a small variation was observed between these three approaches.  The 

variation can be seen in Fig. 3.8, 3.9, 3.10, and 3.11.  To generate the initial calibration curves, a 

linear regression was performed to determine the calibration coefficient in units of counts per air 

kerma.  The results of the initial M60 and M80 measurements can be seen in Fig. 3.8, 3.9, 3.10, 

and 3.11. 
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Figure 3.9 M60 high range calibration curve. The area in the black box is enlarged on the right to 

better observe the difference between the three calibration curves. 

 

Figure 3.8 M60 low range calibration curve.  The area in the black box is enlarged on the 

right to better observe the difference between the three calibration curves. 
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Figure 3.10 M80 low range calibration curve. The area in the black box is enlarged on the right 

to better observe the difference between the three calibration curves. 

Figure 3.11 M80 high range calibration curve.  The area in the black box is enlarged on the right 

to better observe the difference between the three calibration curves. 



41 

 

After completing the initial round of calibration curves, some adjustments were made to improve 

the accuracy of the new calibration coefficients.  The first adjustment was increasing the number 

of beam qualities in which the calibration curves would be developed.  Five NIST reference 

beam qualities were selected for preparing independent calibration sets; RQR50, RQR60, M60, 

M80, and M100.  Beam qualities M60 and M80 were chosen to repeat the determination of 

calibration coefficients found in the first round of measurements.  This round, however, more 

data points would be obtained. The RQR50 and RQR60 beam qualities were generated for this 

work to represent x-ray beams like those used in radiographic units in clinics. The beam quality 

M100 was selected to observe how the OSL dosimeters respond at higher beam qualities.  When 

generating these curves, additional exposure points were added.  For the M60, M80, and M100, 

OSL dosimeters were exposed to a total of eight exposure points randomly selected between 0.2 

mGy to 50 mGy.  The air kerma values used were, 0.2 mGy, 0.5 mGy, 1.0 mGy, 3.0 mGy, 6.0 

mGy, 10 mGy, 30 mGy, and 50 mGy.  Due to a low exposure rate, only five air kerma values 

were used for the RQR50 and RQR60 beam qualities.  The air kerma used for these beams was 

0.2 mGy, 0.5 mGy, 1.0 mGy, 3.0 mGy, and 6.0 mGy.  By increasing the number of calibration 

points used from the original three air kerma values for the initial low range calibration curve, a 

better representation of how the OSL reader responded over a range of doses was obtained.  

Another adjustment was that only low range calibration curves were ultimately considered.  This 

is because diagnostic x-ray machines yield doses of less than 50 mGy. 

After applying the adjustments, the same process for the initial round of Independent Method 

calibration was used to create these five new independent calibration curves.  To create these 

curves, the net counts were determined from the average of five reads of the post- and pre- 

irradiation counts for each beam quality.  Using the net counts for each beam quality, along with 
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an independent spreadsheet developed as part of this work, calibration curves for the individual 

beam qualities were constructed.  These calibration curves can be seen in Fig. 3.12 and 3.13.   

 

 

Figure 3.12 Calibration curves for RQR50 and RQR60. 

Figure 3.13 Calibration curves for M60, M80, and M100. 
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From these curves, calibration coefficients were determined from the linear regression for each 

beam quality. These are listed in Table 3.4.  

Table 3.4 Calibration coefficients, Cq, for the Landauer® Method calibration curve and five 

Independent Method calibration curves. 

Beam Quality 
Calibration Coefficient 

(Counts/mGy) 

Landauer® 80kVp x-ray beam 3212.44 

RQR50 3205.30 

RQR60 3028.10 

M60 3113.60 

M80 2796.90 

M100 2445.40 

 

A two-sample linear regression t-test was conducted to determine if a statistically significant 

difference existed between each of the calibration coefficients for the different x-ray beams.  The 

null hypothesis was that the two coefficients being evaluated would be equal in value.  This test 

was performed using Eq. 3.1 below, and the variables listed in Table 3.4 (Kanji, 2006) as 

follows,   

 

                              𝑡 =
𝑏1̅̅ ̅−𝑏2̅̅ ̅

√
𝑆𝑅𝑒𝑠1

2

𝑆𝐷1
2(𝑛1−1)

+
𝑆𝑅𝑒𝑠2

2

𝑆𝐷 2
2 (𝑛2−1)

                    (Equation 3.1) 

 

 

Where: 

b is the calibration coefficient or slope of the curve 
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SRes is the value of y (counts) for a given value of x (Air Kerma, mGy) 

SD is the standard deviation of the points used to generate the calibration curve 

n is the number of sample points in the calibration curve 

t is the t-value which will be used to determine if two slopes are similar 

The results of these individual t-tests are shown in Table 3.5.  In all cases, the results of the t-test 

showed that the slopes of the calibration curves for all beam qualities shown in Table 3.5 were 

statistically different.  

Table 3.5 Values used to perform the student test with Eq. 3.1 

Beam Code  b1 SRes1 SD1 

RQR50 3205.3 242.9 9.172 

M60 3113.6 1531.6 6.634 

RQR60 3028.1 424.2 15.990 

M80 2796.9 2388.2 10.341 

M100 2445.4 2015.9 8.731 

 

With regards to the uncertainty of the air kerma values determined using Eq. 2.2, there were 

several components of uncertainty that contributed to the overall value.  The various components 

are listed in Table 3.6. 
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The values of the different components of uncertainty shown in Table 3.6 were obtained as 

follows:  The relative uncertainty of the NIST air kerma rates are described in a published 

reference (Lamperti & O'Brien, 2001).  The reproducibility of an air kerma reading using the 

same OSL was estimated by irradiating 15 OSL dosimeters twice in an x-ray beam. The average 

variation observed among all 15 OSL dosimeters was 4.1 %.  Assuming a Gaussian distribution, 

the standard deviation was 1.4 % obtained as 𝑢 =
4.1%

√3
.  The reproducibility of an air kerma 

reading using different OSL dosimeters was described in Section 2.4 under the OSL Individual 

Sensitivity study performed in this work.  This measurement showed that the OSL dosimeters 

had a response distribution of about +/-6 %, with the Gaussian distribution standard deviation as 

2 %, obtained as 𝑢 =
6%

√3
.  The uncertainty in the determination of the calibration curves was 

calculated from the average variation in the dose measured for each calibration point.  The 

relative combined uncertainty of the air kerma measured with the OSL dosimeters is 4.5 %, 

while the relative expanded uncertainty is rounded to 9 % (Taylor & Kuyatt, 1994). The relative 

expanded uncertainty is considered to have the approximate significance of a 95 % confidence 

limit. 

Table 3.6 Results of the student test comparing the different Independent Method calibration 

coefficients.  * indicates if the value is statistically different. 

Beam Codes 

Compared 
t-value 

Degrees of 

Freedom 

t critical value for p=0.05 

p-value 
Lower limit 

Upper 

Limit 

RQR50-M60 4.2 191 -1.9 1.9 2.86e-5* 

M60-RQR60 3.1 191 -1.9 1.9 1.76e-3* 

RQR60-M80 10.5 236 -1.9 1.9 1.17e-8* 

M80-M100 11.7 236 -1.9 1.9 2.24e-25* 
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3.4 Optically Stimulated Luminescence Dosimeter Energy Response 

To determine the effects of the energy response of the OSL dosimeters, a total of 45 OSL 

dosimeters, nine per beam quality, were exposed to 6 mGy.  Using the calibration coefficients 

from Table 3.3 for the associated beam quality, the air kerma was determined using the 

Independent Method and Eq. 2.2.  Using the same measure of counts from these OSL 

dosimeters, the air kerma was also determined using the Landauer® Method.  The two 

measurements of air kerma were then compared and the results can be seen in Fig. 3.14.   

Table 3.7 Uncertainty budget for characterization of commercial optically stimulated 

luminescence dosimetry system. 

Source of Uncertainty Uncertainty Type 

Relative Standard Uncertainty of the air kerma 

rates delivered at NIST 
0.5 % A &B 

Relative Standard Uncertainty of positioning the 

OSL in the beam at 1m 
0.1 % A 

Reproducibility of air kerma reading using the 

same OSL 
1.4 % B 

Reproducibility of air kerma reading using 

different OSL dosimeters 
2 % B 

Uncertainty in the determination of calibration 

curves 
3.8 % A 

Relative combined uncertainty 4.5 %  

Relative expanded uncertainty, (k=2) 9 % (rounded)  
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Fig. 3.14 shows the air kerma values of the OSL dosimeters determined using the calibration 

coefficients generated in the NIST reference beams.  As shown in Fig. 3.14, these air kerma 

values line up around 6 mGy for all five x-ray beam qualities:  RQR50, RQR60, M60, M80, and 

M100 when using the Independent Method.  However, the air kerma values determined using the 

calibration coefficient derived from the Landauer® calibration set and based only on an 80 kVp 

beam quality, has a stronger energy dependence.  This dependence is stronger for the beam 

qualities at lower energies such as RQR50 and RQR60.  

 The mean energy of the energy spectra of each of the five beam qualities displayed in Fig. 3.14 

range between 32 keV and 53 keV.  A review of published data shows a strong energy 

dependence of Al2O3:C OSL dosimeters when exposed to x-rays with energy in the range of 

tenths of keV as shown in Fig. 3.15 (Gasparian, Vanhavere, & Yukihara, 2012). This energy 

dependence is also reflected in the data from Fig 3.14 based on the 80 kVp Landauer® OSL dose 

calibration. This suggests that air kerma measurements made using OSL dosimeters in x-ray 

beams that have energy spectra significantly different than the spectra of an 80 kVp x-ray beam 

Figure 3.14 OSL dosimeter air kerma measurements of 9 optically stimulated luminescence 

dosimeters exposed to 6 mGy at different beam qualities. 
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will need to be corrected to account for the strong energy response of the OSL dosimeters in this 

region of energies.  In this work, correction factors, referred to as Beam Quality Conversion 

Factor (BCQF), were developed for each one of the five beam qualities to adjust the air kerma 

values obtained using the Landauer® 80 kVp OSL dose calibration.  For this, the ratio of the 

dose calculated with the Independent Method (based on each one of the NIST reference beam 

qualities) and the Landauer® Method (based on the 80 kVp beam) was calculated as seen in Eq 

3.2a. To simplify the ratio of the dose measurements, this equation is ultimately the ratio of the 

calibration coefficients.  The calculation can be seen in Eq. 3.2b.   

                                              𝒌𝑸,𝑸′ =
𝑲𝑰𝒏𝒅𝒆𝒑𝒆𝒏𝒅𝒆𝒏𝒕,𝒊

𝑲𝑳𝒂𝒏𝒅𝒂𝒖𝒆𝒓,𝒊
=

(
(𝑅𝐹𝑖𝑛𝑎𝑙,𝑖−𝑅𝐼𝑛𝑖𝑡𝑖𝑎𝑙,𝑖)

(𝐶𝑞∗𝑆𝑖)
)

𝑰𝒏𝒅𝒆𝒑𝒆𝒏𝒅𝒆𝒏𝒕

(
(𝑅𝐹𝑖𝑛𝑎𝑙,𝑖−𝑅𝐼𝑛𝑖𝑡𝑖𝑎𝑙,𝑖)

(𝐶𝑞∗𝑆𝑖)
)

𝑳𝒂𝒏𝒅𝒂𝒖𝒆𝒓

     (Equation 3.2a) 

                                                                  𝒌𝑸,𝑸′ =
(𝐶𝑞∗𝑆𝑖)

𝑳𝒂𝒏𝒅𝒂𝒖𝒆𝒓

(𝐶𝑞∗𝑆𝑖)
𝑰𝒏𝒅𝒆𝒑𝒆𝒏𝒅𝒆𝒏𝒕

                                 (Equation 3.2b) 

Where: 

kQ,Q’  is the BQCF  

Kindependent,i is the total air kerma delivered to the OSL using the Independent Method 

calibration i (i=1 to 242)   

KLandauer® ,i is the total air kerma delivered to the OSL using the 80 kVp Landauer®  

Method calibration i (i=1 to 242)   

The BQCFs for each of the beam qualities determined in this work are shown in Table 

3.7. 
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Table 3.8 Beam Quality Conversion Factors for various beam qualities 

using the vendor generated calibration coefficient. 
 

Beam Quality BQCF 

RQR50 0.81 

RQR60 0.85 

M60 0.82 

M80 0.91 

M100 1.05 

 

The BQCFs 𝑘𝑄,𝑄′ shown in Table 3.7 can be used to correct the values of the air kerma 

𝐾𝑄,𝑖 obtained using the 80 kVp Landauer® Method by using the expression below:  

                                      𝐾𝑄′ = 𝐾𝑄 ∗ 𝑘𝑄,𝑄′                           (Equation 3.3) 

Where: 

KQ,i  is the air kerma value delivered to the OSL derived from the Landauer®  80 kVp 

dose calibration 

Q represents the 80 kVp x-ray beam quality 

KQ’,i  is the air kerma value delivered to the OSL, derived from the Independent Method 

calibration 

Q’ represents the NIST reference x-ray beam quality equivalent to the beam quality of the 

beam being measured 
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The BQCFs listed in Table 3.7 were used to correct the OSL air kerma values determined with 

the 80 kVp Landauer® Method of calibration indicated by the diamond symbols in Fig. 3.14.  

The corrected air kerma values are shown in Fig. 3.16 and are plotted with the air kerma values 

obtained using the Independent Method calibration.   

There is a direct relationship between the BQCFs and the energy response of the OSL 

dosimeters.  This relationship allowed for a comparison of BQCFs with published OSL energy 

response data such as the one shown in Fig. 3.15 (Gasparian, Vanhavere, & Yukihara, 2012).  To 

perform this comparison, the OSL relative response for each of the beam qualities was 

Figure 3.15 Published relative response of OSL dosimetry vs mean photon energy read 

from optically stimulated luminescence dosimeters.  Measurements made with a 

Microstar® optically stimulated luminescence dosimeter reader are seen with the black 

square.  The white circles are for a different type of optically stimulated luminescence 

dosimeter reader and are not applicable to this work.  (Gasparian, Vanhavere, & 

Yukihara, 2012). 
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calculated.  The relative response was derived by taking the inverse of each of the individual 

kQ,Q’.  Using this relative response value, the results were then plotted with the information 

obtained from Fig. 3.15.  For ease of comparison, the data from Fig 3.15 was normalized and the 

results of this comparison can be seen in Fig. 3.17.   

The measured energy response data in this work shows an energy dependence for lower energy 

x-rays like that observed in published work.   

A single sample t-test was conducted to determine if a statistically significant difference existed 

between the air kerma measured with each of three methods (either the Independent Method, 

Landauer® Method, or the Landauer® Method with the BQCF) and the known air kerma to 

which the OSL dosimeters were exposed to in the respective x-ray beam.   This test was 

performed using Eq. 3.4 below.  

Figure 3.16 Optically stimulated luminescence dosimeter air kerma measurement of 9 

optically stimulated luminescence dosimeters exposed to 6 mGy at different beam 

qualities while applying the Beam Quality Conversion Factor to the air kerma 

determined with the Landauer® Method. 
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                                     𝑡 =
𝑥1̅̅̅̅ −µ

𝜎

√𝑛

                               (Equation 3.4) 

Where: 

x is the mean value of the air kerma measurements 

σ is the standard deviation of the air kerma measurements 

n is the number of points in the air kerma measurement 

µ is the actual dose the OSL dosimeters were exposed to in the NIST reference beam 

Figure 3.17 Relative response determined in this work compared to published results of optically 

stimulated luminescence dosimeter energy dependence.  The uncertainty bars indicate the 9.6% 

uncertainty calculated in the uncertainty budget (p=0.05) (Gasparian, Vanhavere, & Yukihara, 

2012) 
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Table 3.9 The values used to perform a t-test calculation using Eq. 3.4, along with the results 

of this test. * indicates if the value is statistically different. 

 

Independent Method 

Beam 

Code 
x σ n t t-crit 

Degrees of 

Freedom 
p 

RQR50 5.9 0.2442 9 -1.1 2.3 8 0.29 

M60 5.9 0.2475 9 -1.3 2.3 8 0.22 

RQR60 6.1 0.1403 9 1.6 2.3 8 0.15 

M80 6.2 0.2190 9 2.1 2.3 8 0.06 

M100 6.0 0.2367 9 0.4 2.3 8 0.73 

Landauer® Method 

Beam 

Code 
x σ n t t-crit 

Degrees of 

Freedom 
p 

RQR50 7.3 0.1982 9 16.0 2.3 8 2.37e-7* 

M60 7.0 0.2961 9 10.6 2.3 8 5.39e-6* 

RQR60 7.1 0.1633 9 19.6 2.3 8 4.72e-8* 

M80 6.6 0.2354 9 7.87 2.3 8 4.90e-5* 

M100 5.7 0.2224 9 -4.515 2.3 8 1.96e-3* 

Landauer® Method with BQCF applied 

Beam 

Code 
x σ n t t-crit 

Degrees of 

Freedom 
P 

RQR50 5.9 0.1978 9 -1.3 2.3 8 0.22 

M60 5.8 0.2428 9 -2.7 2.3 8 0.03* 

RQR60 6.0 0.1388 9 0.2 2.3 8 0.87 

M80 6.0 0.2142 9 0.3 2.3 8 0.77 

M100 6.0 0.2336 9 -0.7 2.3 8 0.53 

 

3.5 Application of the Characterized Optically Stimulated Luminescence Dosimetry System 

To demonstrate real-world application of these principles, OSL dosimeters were exposed in a 

clinical equivalent diagnostic machine at the FDA.  The x-ray tube potentials used to irradiate the 

OSL dosimeters were 50 kVp, 60 kVp, and 80 kVp.  To vary the air kerma values delivered to 

the OSL dosimeters, the tube current was adjusted between 100 mA to 500 mA for separate 

irradiations.   
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The OSL dosimeters exposed with the radiographic unit were selected at random.  These OSL 

dosimeters were read prior to being irradiated to obtain the pre-irradiated counts.   Two OSL 

dosimeters were used for each x-ray shot.  The OSL dosimeters were then read after all the 

irradiations were completed.  Using the Landauer® Method, the air kerma on the OSL was 

determined using Eq. 2.2.  As described earlier, due to the energy dependence of the OSL 

dosimeter when exposed to x-rays from lower x-ray beam potentials, the air kerma determined 

using the Landauer® Method was expected to be higher than the actual value.  To correct for this 

energy dependence, the BQCFs from Table 3.7 were applied using Eq. 3.3 that matches as close 

as possible to the x-ray beam used.  Using the BQCFs along with the Landauer® Method a value 

of air kerma traceable to the NIST standard references beams was obtained.  The results of these 

measurements can be seen in Tables 3.9, 3.10, and 3.11.  The differences between determining 

the air kerma using the Landauer® Method and the Landauer® Method with the BQCF ranges 

between 9 % and 20%.  

Table 3.10 Optically stimulated luminescence dosimeters exposed in a 50kVp x-ray beam. The 

difference between the two calibration methods of determining the air kerma delivered to the 

OSL dosimeters is shown.  

OSL S/N 

Beam 

Quality 

(kVp) 

Tube 

Current 

(mA) 

Exposure 

Time 

(ms) 

Landauer® 

Calculated 

Air Kerma  

(mGy) 

Landauer® 

Calculated 

Air Kerma 

with BQCF 

applied 

(mGy) 

Percent 

Difference  

(%) 

DN081887984 50 100 100 0.25 0.21 -16.0 

DN08188821N 50 100 100 0.26 0.21 -19.2 

DN08183713R 50 100 100 0.23 0.19 -17.4 

DN08187783G 50 100 100 0.31 0.25 -19.4 

DN08186251Y 50 200 100 0.49 0.40 -18.4 

DN08182667H 50 200 100 0.51 0.42 -17.6 

DN08188540T 50 200 100 0.53 0.43 -18.9 

DN08185440Y 50 200 100 0.49 0.40 -18.4 

DN08189178H 50 500 100 1.28 1.04 -18.8 

DN08187891H 50 500 100 1.26 1.03 -18.3 
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Table 3.11 Optically stimulated luminescence dosimeters exposed in a 60kVp x-ray beam. The 

difference between the two calibration methods of determining the air kerma delivered to the OSL 

dosimeters is shown.  

OSL S/N 

Beam 

Quality 

(kVp) 

Tube 

Current 

(mA) 

Exposure 

Time 

(ms) 

Landauer® 

Calculated 

Air Kerma  

(mGy) 

Landauer® 

Calculated 

Air Kerma 

with BQCF 

applied 

(mGy) 

Percent 

Difference 

(%) 

DN081799775 60 100 100 0.40 0.34 -15.0 

DN08188171W 60 100 100 0.41 0.35 -14.6 

DN08177457J 60 200 200 0.62 0.53 -14.5 

DN08183248O 60 200 200 0.70 0.59 -15.7 

DN08183716L 60 200 500 1.94 1.65 -14.9 

DN08185419J 60 200 500 1.81 1.54 -14.9 

 

Table 3.12 Optically stimulated luminescence dosimeters exposed in an 80kVp x-ray beam. 

The difference between the two calibration methods of determining the air kerma delivered to 

the OSL dosimeters is shown.  

 

OSL S/N 

Beam 

Quality 

(kVp) 

Tube 

Current 

(mA) 

Exposure 

Time 

(ms) 

Landauer® 

Calculated 

Air Kerma  

(mGy) 

Landauer® 

Calculated 

Air Kerma 

with BQCF 

applied 

(mGy) 

Percent 

reduction 

in dose 

(%) 

DN08186437K 80 100 100 0.63 0.57 -9.5 

DN08186530W 80 100 100 0.66 0.61 -7.6 

DN08183795F 80 100 100 0.64 0.58 -9.4 

DN08185149M 80 100 100 0.61 0.55 -9.8 

DN08177342W 80 200 100 1.25 1.14 -8.8 

DN08180932Q 80 200 100 1.27 1.16 -8.7 

DN08188461R 80 200 100 1.40 1.28 -8.6 

DN081831018 80 200 100 1.34 1.22 -9.0 

DN08185249K 80 500 100 3.06 2.79 -8.8 

DN08189275L 80 500 100 3.08 2.80 -9.1 
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Chapter 4 

Discussion 

Extensive tests and investigations were conducted as part of this work to develop a method for 

bleaching the Landauer® nanoDotTM type OSL dosimeters.  As this work progressed, it became 

evident that the design and construction of a bleaching device for these OSL dosimeters was also 

required (discussion of this can be found in Section 2.3).  This bleaching device used CFL bulbs, 

which are an effective light source to optically bleach OSL dosimeters and reduce the original 

readout value of counts for each OSL.  Using these bulbs provided an efficient and cost effective 

means to reset the dosimeters to a background count value.  The low heat output from a CFL 

bulb was found to reduce the risk of potential melt or other damage while annealing the OSL 

dosimeters. The results obtained were consistent with what has been discussed in previously 

published literature (Jursinic, 2010). 

The two-hour bleaching time, for annealing the OSL dosimeters, was selected based on the 

research conducted in this work, which was found to be consistent with similar results found in 

the published literature (Jursinic, 2010).  It was found that after about 120 minutes, there is a 

greater than 98% reduction in the original signal stored in the OSL.  After bleaching, the OSL 

dosimeters were found to have final count values in the range of 80 to 120 counts, independent 

of the original count value of the OSL dosimeter.  In situations in which the final counts were 

higher than 200 counts, it was noted that these OSL dosimeters had been originally exposed to 

significantly higher doses of radiation.  To lower the base counts of these OSL dosimeters, they 

were bleached several times with no noticeable decrease in the base count value.  This could be a 
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result of deep radiation-induced electronic states of the Al2O3:C disks that could no longer be 

depleted by the optical methods used here.  

As described in Section 2.4, the vendor of the dosimetry system assigned a fixed value of 

sensitivity to all of the nanoDotTM dosimeters used in this work.  Extensive research and 

sensitivity measurements were conducted to check this assumption.    The sensitivity 

measurements performed in this work found that there is a large variation among each of the 

individual OSL dosimeter responses when compared to the response averaged over the entire 

population of 242 OSL dosimeters. The variation observed was within ±6 % for the sensitivity 

measurements conducted using a 137Cs beam.  There are several factors that can contribute to 

these variations in the individual response of each OSL dosimeter; the manufacturing process of 

the OSL dosimeters, the exact placement of the OSL within the OSL reader, and the exposure 

time of the stimulating light within the OSL reader.  It should also be noted that there are two 

types of OSL dosimeters available on the market, a standard OSL dosimeter and a screened OSL 

dosimeter.  The standard OSL dosimeter has an accuracy of ± 10 % (Landauer, Inc., 2012).  With 

screened OSL dosimeters, the Al2O3:C disk has a better material makeup, which brings the 

accuracy of the dosimeters to ±5 % (Landauer, Inc., 2012). For this project, only standard OSL 

dosimeters were used, since they would be more commonly found in practical applications.  

Further investigations would be required to determine if any of these parameters could be 

optimized to reduce the ±6 % variation measured in this work.   

Multiple measurements were conducted in the NIST reference x-ray beams at a total of five x-

ray beam qualities to be able to calibrate the OSL reader in terms of different reference x-ray 

beams with different energy spectra.  The OSL reader was calibrated in terms of the NIST x-ray 

beam qualities: RQR50, RQR60, M60, M80, and M100.  In addition to this independent 
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calibration based on the NIST reference beam, the OSL reader was also calibrated using the 

single 80 kVp calibration set of OSL dosimeters sold by Landauer.  Having these two separate 

calibrations of the OSL reader, allowed comparing the air kerma values measured with the OSL 

dosimeters using both calibration methods: the Landauer® calibration method and the 

independent calibration method.  The comparison showed that when measuring air kerma using 

the OSL dosimeters in x-ray beams with beam qualities that have energy spectra different than 

the energy spectra of the x-ray beam in which the vendor prepared their calibration set (an 80 

kVp x-ray beam), significant differences of up to 20% are observed.  This significant energy 

dependence and how to account for it is one of the important findings in this work.  To account 

for this energy dependence, a set of BQCFs were developed that allows for correcting the air 

kerma values measured using the vendor’s calibration of the OSL system. For example, if an 

OSL is exposed in an x-ray beam that has energy spectrum characteristics like the NIST x-ray 

beam quality M60, a significant difference is observed in the determination of the air kerma 

delivered to the OSL if the calibration curve built into the Landauer® dose calculation software 

is used.  This is because the Landauer® dose calculation software is based on a calibration made 

in an 80 kVp x-ray beam which has different energy spectrum characteristics.  To address this 

issue, a set of BQCFs was developed as part of this work.  The corrections are listed in Table 3.7.  

These BQCFs can be used to correct the values obtained with the Landauer® software for an 

OSL exposed in x-ray beams with energy spectra like one of the five x-ray beam qualities listed 

in Table 2.2.  To illustrate the use of these BQCFs, a separate experiment, described previously 

in Section 2.7, was conducted at the FDA, where OSL dosimeters were exposed in different 

radiographic x-ray beams with different tube voltages varying between 50 kVp and 80 kVp.  The 

air kerma values were then determined using the Landauer® dose calculation software and later 
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corrected using the BQCFs.  As indicated in Tables 3.9, 3.10, and 3.11, the air kerma values 

obtained without the BQCFs applied were significantly different than the expected values.  In 

some cases, this difference was as high as 20% for the OSL dosimeters exposed in the 50 kVp x-

ray beam of the radiographic unit, Indico100.  

In this example, a person who had been exposed to the 50kVp x-ray beam of the clinical x-ray 

machine at the FDA would have been assigned a dose almost 20% higher than the dose that they 

had received, as calculated using the BQCF.   

This direct relationship between the BQCFs developed in this work and the energy response of 

an OSL allowed for a comparison of the values of the BQCFs with published work.  Fig. 3.17 

shows the experimentally determined energy response values in this work compared with those 

predicted in the published literature.  The relationship between the energy response and the 

BQCF agreement observed in Fig. 3.17 also provides a level of consistency between the 

experimentally determined values of the BQCFs obtained in this work (listed in Table 3.7) and 

the published literature.  
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Chapter 5 

Conclusion 

A commercially available OSL dosimetry system was characterized to determine the air kerma 

delivered to OSL dosimeters in x-ray beams.  Since there is no commercially available method or 

device for bleaching this type of OSL dosimeters, called nanoDotsTM, used in this work, 

extensive efforts were dedicated to designing a bleaching method as well as designing and 

building a bleaching device. The OSL dosimetry system was calibrated using the vendor’s 

calibration set of OSL dosimeters which are exposed in an 80 kVp x-ray beam.  However, using 

the vendor’s dose calculation software, whose calibration is based on this specific beam, is not 

optimal for measuring dose delivered to OSL dosimeters in x-ray beams that have significantly 

different energy spectra.  Instead, a correction factor must be applied to obtain more accurate 

dose rates.  BQCFs were developed as part of this work for five different NIST beam qualities.  

Measurements were then conducted in a radiographic unit at FDA to make use of these newly 

developed BQCFs.  It was found that applying these BQCFs to the doses measured by the 

Landauer®  dose calculation software can correct for differences of up to 20 %.   
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