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ABSTRACT 

In this project, an eye dosimeter was designed for monitoring occupational lens of the 

eye exposures targeted to interventional radiologists who are often indirectly exposed to 

scattered radiation from the patient while performing image-guided procedures. The dosimeter 

was designed with a computer-aided design software to facilitate additive manufacturing 

techniques to make the dosimeter. The dosimeter consisted of three separate components that are 

attached to the hinges and the bridge of the occupational worker‟s protective eyewear. The 

produced dosimeter was radiologically calibrated to measure the lens dose on an 

anthropomorphic phantom of the human head. To supplement the physical design, an algorithm 

was written that prompts the user to input the element responses of the dosimeter, then estimates 

the average angle, energy, and resulting lens dose of the exposure by comparing the input with 

the data acquired during the dosimeter calibration procedure. The performance of the calibrated 

dosimeter (and the algorithm) was evaluated according to guidelines of the American National 

Standards Institute, and the dosimeter demonstrated a performance that was in compliance with 

the standard‟s performance criteria which suggests that the design of the eye dosimeter is feasible. 

  



ii 

 

Table of Contents 

Introduction ......................................................................................................................................1 

Background ......................................................................................................................................2 

Additive Manufacturing .....................................................................................................2 

Thermoluminescent Dosimeter...........................................................................................2 

Interventional Radiologist Exposure ..................................................................................5 

Eye Anatomy ......................................................................................................................6 

Cataract ...............................................................................................................................8 

Epidemiological Studies of Radiation Induced Cataract ....................................................8 

International Commission on Radiation Protection (ICRP) Recommended  

Occupational Lens Dose......................................................................................10 

Dose Conversion Coefficient for Lens Dose ....................................................................11 

Materials and Methods ...................................................................................................................13 

Designing of the Dosimeter ..............................................................................................13 

Calibration of the Dosimeter ............................................................................................16 

Results ............................................................................................................................................25 

Selection of Thermoluminescent Dosimeter Elements ....................................................25 

Dosimeter Calibration.......................................................................................................26 

Performance Testing .........................................................................................................28 

Integrity Checking of the Thermoluminescent Dosimeter Elements ...............................30 



iii 

 

Discussion ......................................................................................................................................32 

Conclusion .....................................................................................................................................36 

Appendix A: Primary Data.............................................................................................................37 

Appendix B: Reading and Annealing LIF:Mg,Cu,P Thermoluminescent Dosimeter 

Elements With Harshaw TLD
TM

 Model 3500 Manual Reader  .......................................44 

Appendix C: Hlens Conversion Coefficient (hlensK).........................................................................47 

Appendix D: MATLAB
®

 Code ......................................................................................................48 

Appendix E: Algorithm of the MATLAB
®
 Code ...........................................................................49 

Bibliography ..................................................................................................................................57 

  



iv 

 

List of Figures 

Figure 1.1: Band energy diagram of insulator adopted from Piters, T.M. .......................................4 

Figure 1.2: Structure of the human eye ............................................................................................7 

Figure 1.3: Design of the TLD boards ...........................................................................................14 

Figure 1.4: Design of the sealing boards .......................................................................................14 

Figure 1.5: Design of the board cases that attach to hinges of an eyewear ...................................15 

Figure 1.6: Design of the board case that attaches to the bridge of an eye ....................................15 

Figure 1.7: The acrylic holder used to hold the 100 TLD elements together  

on the slab phantom  ........................................................................................................18 

Figure 1.8: The acrylic holder attached to the slab phantom at the center of  

the phantom‟s surface  .....................................................................................................18 

Figure 1.9: The slab phantom placed on the moving table in front of the  

Cs-137 source (GC-60 system) .........................................................................................19 

Figure 1.10: The dosimeter attached to a pair sunglasses equipped by the  

anthropomorphic phantom  ..............................................................................................21 

Figure 1.11: Arrangement for the calibration .................................................................................22 

Figure 3.1: Slots in the dosimeter that the selected 27 TLD elements  

occupied during the irradiation of the dosimeter ..............................................................27 

Figure 4.1: Bias of the eye dosimeter (red dot) compared with ANSI  

N13.11 tolerance level (blue curve) ..................................................................................29 

Figure B1: Typical data acquired by WinREMSTM after reading a TLD element .......................45 



v 

 

Figure B2: A typical glow curve of LiF:Mg,Cu,P .........................................................................46 

Figure D1: MATLAB
®
 code written at the end of the dosimeter calibration ................................48 

Figure E1: Summation of the 3 TLD responses in each TLD boards ............................................50 

Figure E2: Response ratios between the TLDs under the copper filters  

and the aluminum filters ...................................................................................................53 

  



vi 

 

List of Tables 

Table 2.1: The 27 TLD elements selected to use in dosimeter calibration ....................................26 

Table 4.1: The Hlens measured by the dosimeter (right column) and the  

Hlens calculated using equation (3) (left column) ............................................................29 

Table 5.1: 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 of the 27 TLD elements calculated at the end of this project..........................30 

Table 5.2: The percentage difference between the 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 calculated at  

the beginning of this project ((𝑒𝑐𝑓𝐷𝑒𝑒𝑝)
𝑆𝑡𝑎𝑟𝑡

) and at the end of  

this project ((𝑒𝑐𝑓𝐷𝑒𝑒𝑝)
𝐸𝑛𝑑

)............................................................................................31 

Table A1: Post-irradiation readings in nanoCoulomb (nC) of the 100 TLD  

elements irradiated with the Cs-137 source on the slab phantom ....................................37 

Table A2: The exposure rate and exposure time of each irradiation ..............................................38 

Table A3: The 𝐸𝐶𝐶𝑖,𝑗
𝐷𝑒𝑒𝑝

and the mean ecf (𝑒𝑐𝑓𝑖
𝐷𝑒𝑒𝑝

) of each TLD element .................................39 

Table A4: Post-irradiation readings of the TLD elements .............................................................40 

Table A5: The average 𝑒𝑐𝑓𝜃,𝑆
𝑙𝑒𝑛𝑠 at each slot in the dosimeter calculated  

for each irradiation configuration (i.e. the source and the incident  

angle of exposure) used during the calibration .................................................................42 

Table A6: Post-irradiation readings of the TLD elements after the irradiations  

performed during the testing procedure of the dosimeter.................................................43 

Table C1: Hlens conversion coefficient values from Behrens and Dietze (2011) .........................47 

Table E1: Data stored in SumResponse matrix ..............................................................................50 

Table E2: Data stored in SumRatio matrix .....................................................................................52 



vii 

 

Table E3: Data stored in AlCuRatio matrix ...................................................................................54 

 

 

 

  



- 1 - 

 

Introduction 

Interventional radiologists (IR) are routinely exposed to scattered radiation from the 

patients as they perform procedures while standing near the imaging field. Exposure of their eye 

lens has become a concern because the cumulative x-ray doses to their lens have been known to 

be significant.
[1]

 The high radiation dose can lead to a loss of lens clarity and development of 

lens opacification known as cataract, and can ultimately lead to blindness if the opacification 

causes significant visual impairment. Despite this deterministic risk, there are still very few 

commercially available dosimeters that are designed for occupational lens of the eye monitoring.  

In theory, the personal dose equivalent at 3 mm depth (Hp (3)) is the most appropriate 

quantity to monitor lens of the eye absorbed dose. In practice however, Hp (3) is rarely monitored, 

and instead the personal dose equivalent at 0.07 mm depth (Hp (0.07)), measured with a whole 

body dosimeter worn at the collar level outside any radiation protection garments, is used.
[2]

 This 

is because dedicated eye dosimeters designed to measure Hp (3) are rare and it has been shown 

that Hp(0.07) can adequately estimate the eye lens dose resulting from photon exposure as it 

provides conservative estimate of the lens dose.
[3]

 However, since the quantity Hp(0.07) is 

measured at the collar level, it cannot accurately estimate the eye lens dose if the radiation fields 

at the collar and at the eye lens are not similar. 

The purpose of this project was to design and develop an eye dosimeter to monitor 

occupational lens of the eye exposures to IRs. There were two main objectives: the first objective 

was to design an eye dosimeter that can easily be manufactured and distributed, and the second 

objective was to calibrate the thermoluminescent dosimeter to measure lens of the eye dose.  
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Background 

Additive Manufacturing 

Additive manufacturing, also known as 3D (three dimensional) printing, is a process of 

creating a physical object using a three dimensional digital model by laying down many thin 

layers of a material in succession. There is a large number of 3D printing processes available, 

and the main difference between these processes is the used material, and the method used to lay 

down the material. A 3D printing process is done by creating a digital model of the object to be 

printed in a computer aided design (CAD) software subsequently feeding the file into a 3D 

printer. The CAD file contains a set of instructions that the 3D printer follows to print the object. 

The printer first builds the foundation for the object on a plane, and then moves the print-head 

along the direction perpendicular to that plane to build the object vertically layer by layer. 

Thermoluminescent Dosimeter 

Thermoluminescence (TL) is the emission of light from an insulator or semiconductor 

when it is heated following the previous absorption of energy from ionizing radiation or UV  

light.
[4]

 As the name suggests, thermoluminescent dosimeters (TLDs) use materials that have TL 

properties. The TL phenomena can be divided into two stages: Stage 1, absorption of energy 

from ionizing radiation or UV light and then storing of that energy (in the form of electrons and 

holes) within the material; and Stage 2, thermally stimulated release of the stored energy in the 

form of light. Dosimetry with TLDs correlates the intensity of the light emitted with the 

impinging ionizing or UV radiation. 

To create electron traps, TLD materials are intentionally doped with impurities, and 

these impurities play a central role in storing the energy absorbed from ionizing radiation. In 
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Stage 1, absorption of energy from ionizing radiation occurs either by photoelectric effect or by 

Compton scattering, depending on the effective atomic number of the material and the energy of 

the ionizing radiation.
[5]

 The absorption of energy results in processes such as production of 

electron-hole pair or exciton (short-lived electron-hole pair that is bound to each other by their 

electrostatic Coulomb force) creation which are unstable entities, and storing the absorbed 

energy involves stabilizing these electrical entities within the material.
[5]

  

Stabilization of the electron-hole pair is described by the mobile electron model which is 

based on the energy band theory in insulators or semiconductors. Figure 1.1 shows the 

simplified energy band diagram for insulators. For a pure crystal, there are typically no energy 

levels between valence band and conduction band that could be occupied by electrons. However, 

if the crystal contains defects (either by intrinsic defects in the crystal such as thermal defects or 

pre-existing impurities or by impurities that have been intentionally added), the defects create 

additional energy levels in between the two bands due to distortion of crystal lattice.
[4]

 In the 

ground state (before electron excitation occurs), none of the electrons occupy the conduction 

band. When the excitation occurs, the electrons in the valence band can move into the conduction 

band and leave holes in the valence band.
[4]

 The electron-hole pairs can wander through the 

lattice as their wave functions are not localized on any particular lattice site within the crystal.
[5]

 

The stabilization occurs when the electron-hole pairs come across the lattice site containing the 

impurity and become trapped at that site. This is depicted in the energy band diagram as electron 

in the conduction band and hole in the valence band transitioning into the trap levels created by 

the defects (Figure 1.1). Each charge can undergo several trapping and de-trapping cycles before 

finally being stabilized at the trap level in which the binding energy is greater than 25 kT (kT is 

lattice vibrational energy).
[5]
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Figure 1.1: Band energy diagram of insulator adopted from Piters, T.M.
[4]

 ECon is the energy 

of the bottom of the conduction band and EVal is the energy of the top of the valence band. 

Transitions of electrons (filled circles) and holes (empty circles) are denoted by the arrows. 

Stabilization of exciton occurs through a process called self-trapping. In an alkali metal 

halide crystal (with chemical formula M
+
X

-
), self-trapping occurs by the hole being trapped by 2 

adjacent halide ions and forming X
-
2 molecule.

[5]
 The electron that is bound to the hole makes 

this molecule unstable due to Coulombic repulsion, and it results in displacement of the molecule 

in the crystal and separation of the electron from the molecule.
[5]

 The displacement of the 

molecule leads to a sequence of replacement collision of X
-
 ions and results in the formation of 

an interstitial halide ion with a hole (called an H-center), and the separated electron becomes 

trapped in the vacancy left by the interstitial halide ion (called an F-center).
[5]

 Typically, H-center 

and F-center recombine rapidly at all but the lowest temperatures, but they can be stabilized if 

they occur next to defect in the crystal lattice.
[5]
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Stage 2 involves heating of the crystal to dissociate electrons and holes or H and F 

centers from the defects. In the case of electrons and holes, heating the crystal can release 

electrons captured in the trap levels back into the conduction band. The temperature to which the 

crystal needs to be heated in order to release the electrons depends on the energy gap between the 

trap level and the conduction band.
[4]

 The released electrons can either be re-trapped, become 

trapped at a different trap level, or recombine with the trapped holes.
[5]

 The recombination of the 

released electrons with the trapped holes results in emission of either phonons or, more 

importantly in the context of TLD dosimetry, photons.
[5]

  

In the case of H- and F-centers, heating the crystal dissociates H-centers from the defects. 

The released H-center can move around in the crystal and recombine with F-centers at other 

impurity sites, resulting in emission of photons.
[4]

 The released energy is typically proportional to 

the impinging ionizing radiation which in turns enabling the dosimetric properties of the material.  

Interventional Radiologist Exposure 

A typical fluoroscopy system that IRs use during an image-guided interventional 

procedure consists of a fluoroscopy table with either an under-table or over-table x-ray tube, and 

a C-arm positioner.
[6]

 IRs operate the system by directing the radiation field emitted from the x-

ray tube toward a region in the body of the patient laying on the table, and perform an 

interventional procedure at that region. Because of this, IRs are required to stand in close 

proximity to the irradiated region of the patient during the procedure, and consequently they are 

exposed to x-ray photons scattered by the patient‟s body called stray radiation. There are various 

factors which affect the magnitude and distribution of stray radiation exposure received by the IR 
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such as imaging field of view used, size and position of the patient, and the use of equalization 

filter and spectral beam filter.
[7]

  

The ocular (lens of the eye) doses received by IRs during interventional procedures can 

be relatively high, especially if they are not using protection tools. According to Kim et al. 

(2012), the mean equivalent dose per image-guided interventional procedure measured over 

personal protective device received by IRs ranged from 19 to 800 μSv at eye level, with the 

median being 113 μSv.
[1]

 Kim et al. noted that large variation in IRs‟ ocular doses suggest that 

optimizing procedure protocols and proper use of protective devices and shields may reduce the 

dose substantially.
[1]

 

Eye Anatomy 

Human eyes are roughly spherical in shape and consist of three layers that enclose three 

transparent structures (Figure 1.2). The outermost layer consists of the cornea and the sclera. 

The cornea is the transparent anterior portion of the eye which allows light into the eye, and the 

sclera is the white of the eye. The middle layer, called the uvea, consists of three parts: the 

choroid, ciliary body and iris. The choroid lies between the retina and the sclera, and contains 

blood vessels to nourish the eye. The ciliary body contains smooth muscle fibers that control the 

shape of the lens for focusing. The innermost layer is the retina, which converts light into nerve 

impulses. The three transparent structures inside the layers are the lens, the aqueous humor, and 

the vitreous humor. The vitreous humor is a clear jelly-like fluid that is present behind the lens 

and maintains the shape of the eye. The aqueous humor is present between the cornea and the 

lens, and it provides oxygen and nutrients to the cornea and the lens. 
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Figure 1.2: Structure of the human eye. 

The lens is a transparent organ located behind the cornea and the iris, and it focuses the 

light that enters the eye. An average size of the adult lens is 10 mm in diameter and 4 mm in 

axial length.
[8]

 The light facing side of the lens consists of a single layer of epithelial cells and a 

membrane that surrounds the lens called the capsule. These epithelial cells proliferate and 

migrate toward the lens germinal epithelium located around the circumference of the lens. After 

the migration the cells differentiate into fiber cells and elongate anteriorly and posteriorly as they 

migrate inwards. The cells also lose all intracellular organelles as they mature into fiber cells. 

After maturing, two fiber cells on opposite sides of the lens attach together and form a suture. 

The lens can be separated into three regions: the capsule, the cortex, and the nucleus. The 

nucleus consists of dense layers of older fiber cells, and the cortex consists of younger fiber cells 

between the nucleus and the capsule (refer to Augusteyn, R.C., “Growth of the lens: in vitro 
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observations” for a diagrammatic representation of the lens and formation of secondary fiber 

cells). 

Cataract 

A cataract is formed when clouding or opacification of eye‟s lens has occurred. Visual 

impairment can be caused by cataracts as the opacification can prevent the light from passing 

through the lens and being focused on the retina.
[10]

 However, if the opacification does not impair 

the vision in any way (in other words, if the opacification does not affect the passage of the light 

through the lens) it can be considered not clinically relevant. 

Cataracts are classified by where they occur in the lens. There are three main types of 

cataract: nuclear cataract, cortical cataract, and posterior subcapsular cataract. Nuclear cataract 

involves browning and hardening of the lens nucleus, cortical cataract is the opacification in the 

cortex of the lens that usually begins in the periphery of the lens and radiate toward the center, 

and posterior subcapsular cataract is the opacification in the posterior capsule and the adjacent 

posterior cortex.
[11]

 Sometimes a lens may have multiple types of cataract, and the cataract in that 

case is designated as a mixed cataract. 

Epidemiological Studies of Radiation Induced Cataract 

It has long been established that exposure to ionizing radiation can lead to development 

of cataract. Many radiation cataractogenesis epidemiology studies have been done on atomic 

bomb survivors and Chernobyl cleanup workers as well as other exposed population to find the 

relationship between radiation exposure and cataract development. One of the early studies was 

performed by Cogan et al. in 1949 in which they examined patients who were reported through 

census lists to be near the hypocenter and in the open at the time of the atomic bomb explosion 
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as well as several hundred other patients reached through local ophthalmologists, newspaper 

publicity, and through hear-say. The study found a prevalence of lens abnormalities in the 

patients who were within 1km of the hypocenter, but the doses received by the patients were not 

given.
[12]

 

A recent major cataract study on atomic bomb survivors was done by Minamoto et al. in 

2004. The study examined two groups of people: those who had participated in ophthalmological 

examination in previous studies, and those who were less than 13 years old at the time of the 

bombing.
[13]

 Unlike the previous radiation cataractogenesis studies involving atomic bomb 

survivors which did not utilize standardized system for quantifying cataracts, this study utilized 

the standardized Lens Opacities Classification System (LOCS) II quantitative grading system.
[13]

 

The grading of cataracts were done through lens photographs and comparing the photographs 

with the standardized photographic images of opacity provided by LOCS II standards.
[14]

 The 

key result of this study was that there was statistically significant association between radiation 

exposure and cortical (odd ratio (OR) of 1.29 at equivalent dose of 1 Sv, 95% confidence interval 

(CI) of 1.12-1.49) and posterior subcapsular (OR of 1.41 at 1 Sv, 95% CI of 1.21-1.64) 

cataracts.
[13]

 The study however did not find significant association between radiation exposure 

and nuclear cataracts.
[13]

 

In 2007, Worgul et al. assessed cohort of 8,607 Chernobyl cleanup workers for cataract 

at 12 to 14 years after exposure. The dose to the lens of the eye that the cohorts received were 

nearly all low to moderate, with the absorbed lens dose ranging from 0 to > 1 Gy and 98% of the 

cohorts having received less than 700 mGy dose.
[15]

 Similar to Minamoto et al., Worgul et al. 

utilized standardized system called Merriam-Focht Cataract Scoring System. Based on the 

criteria outlined by Merriam-Focht system, Worgul et al. classified cataracts into five different 
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stages, and looked for association to radiation at different stages of cataract.
[15]

 The key finding 

of the study was the significant increased risk for Stage 1 (onset stage of cataract) posterior 

subcapsular, cortical and mixed cataracts (combination of cortical and posterior subcapsular 

cataract).
[15]

 

International Commission on Radiation Protection (ICRP) Recommended Occupational 

Eye Lens Dose 

Previously, the ICRP‟s recommended annual occupational dose limit to the lens of the 

eye be kept below 150 mSv per year. This dose limit was based on the assumption that radiation 

induced cataracts are deterministic in nature, and in their previously published threshold dose 

estimate for detectable opacities in the lens of the eye and for visually impairing cataracts (acute 

exposure of 0.5 – 2.0 Gy for detectible opacities and 5.0 Gy for visually impairing cataracts; 

protracted exposure of 5.0 Gy for detectible opacities and 8.0 Gy for visually impairing 

cataracts).
[16]

 In ICRP Publication 118, the ICRP recognized that recent epidemiological evidence 

regarding radiation cataract suggests threshold dose values lower than previously considered, and 

has deemed 0.5 Gy in acute or protracted exposure as the new threshold for radiation-induced 

cataracts.
[17]

 Consequently, the ICRP has reduced their recommended annual occupational dose 

limit to the lens of the eye to 20 mSv per year, averaged over 5 years, with no single year 

exceeding 50 mSv.
[17]

 

Similar to the ICRP, the National Council on Radiation Protection and Measurements 

(NCRP) recognized that radiation-induced cataracts can occur at doses lower than previously 

considered, and has determined that it is prudent to reduce their recommended annual 

occupational lens of eye dose limit from 150 mSv to an absorbed dose of 50 mSv.
[18]
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Dose Conversion Coefficient for Lens Dose 

According to International Atomic Energy Agency‟s Technical Document No. 1731 

(IAEA-TECDOC-1731) which provides guidance for monitoring of the eye lens dose, the most 

accurate method for monitoring the equivalent dose to the lens of the eye is to measure Hp (3) 

with a dosimeter worn as close as possible to the eye.
[19]

 In addition, the dosimeter should be 

calibrated to measure Hp
 
(3) on a phantom representative of the head.

[19]
 

In order to calibrate the dosimeter to measure Hp (3), dose conversion coefficients – quantities 

that convert measureable quantities (such as air kerma) to Hp (3) – is needed. The International 

Committee on Radiation Units and Measurements (ICRU) in their Publication 47 and 51 

introduced a simple 30 x 30 x 15 cm
3
 4-element ICRU slab phantom and calculated sets of dose 

conversion coefficients for personal dose equivalent at different depths.
[20]

 However, these ICRU 

publications did not provide any conversion coefficients for Hp
 
(3), and it has been argued by the 

members of ORAMED (Optimization of Radiation Protection for Medical Staff) project that the 

slab phantom is not a representative model to use when calculating the conversion coefficient for 

Hp (3) particularly because the shielding and scattering properties of the slab phantom is 

significantly different than a human head.
[20, 21]

 

The ORAMED has instead proposed a new theoretical phantom – a square cylindrical 

phantom of ICRU tissue with 20 cm diameter and 20 cm height – to be used in Hp (3) dose 

conversion coefficient calculation.
[21]

 Their choice on the shape and dimension of the phantom 

was based on two considerations. Firstly, their new theoretical phantom would be thick enough 

to simulate the soft tissues as well as the presence of the bone structures in the head; and 

secondly, it would be cheap and easy to produce a calibration phantom with the same shape and 
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dimension as the theoretical phantom.
[21]

 The ORAMED has utilized their proposed theoretical 

phantom in Monte Carlo modeling to calculate conversion coefficient between air kerma and Hp
 

(3), and published the coefficients in EURADOS (European Radiation Dosimetry) Report 2012-

02.
[21]

 

As used in this study, Behrens and Dietze (2010) carried out more detailed dose 

conversion coefficient calculation in which they utilized a highly detailed eye model to calculate 

the equivalent dose absorbed by the eye lens, Hlens, and the conversion coefficients from fluence 

or air kerma to Hlens.
[22]

 The geometry they used in Monte Carlo simulation was the head and 

body model that they adopted from ADAM and EVA phantoms introduced by Kramer et al.,
[23]

 

with the eye model embedded inside the head model.
[22]
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Materials and Methods 

Designing of the Dosimeter 

In order to make the dosimeter easily producible and distributable, the dosimeter was 

designed in SolidWorks
®
 2015, a CAD software published by Dassault Systèmes

®
. The basic 

goal of the design was a dosimeter that can be attached to a pair of leaded glasses that IRs 

typically wear during procedures. Design of the dosimeter consisted of three rectangular boards 

(named „TLD board‟), each of which had three slots that TLD elements can fit in (Figure 1.3). 

The purpose of the three TLD boards was to attach the boards to hinges and the bridge of an 

eyewear in such a way that each board would be facing a different direction. By doing so, the 

TLD elements in each board would have different cross-sectional area for any given azimuthal 

angle, and this would allow the dosimeter to determine the incident angle of exposure based on 

the magnitude of the response of the three TLD elements in each board (see Appendix D and E). 

The top of each TLD slot in a board was sealed with different filters: the left slot with a copper 

filter with density thickness of 91 mg/cm
2
,
[24]

 the middle slot with a polylactide (PLA) filter with 

density thickness of about 300 mg/cm
2
, and the right slot with an aluminum filter with density 

thickness of 13.5 mg/cm
2
. The bottoms of the three slots were sealed with another rectangular 

board (named „sealing board‟, Figure 1.4). The copper filters were obtained by salvaging 

Harshaw
TM

 Type 8840 Filter-Holders produced by Thermo Scientific
TM

. The aluminum filters 

were made by cutting a 0.05 mm thick aluminum sheet (manufactured by Goodfellow
TM

; 99.999% 

purity) into 1.27 cm diameter circles. The PLA filters were designed in the CAD software, and 

the thickness of the filter was set to result in density thickness close to 300 mg/cm
2
 in order to 

simulate the depth of the eye lens which is 300 mg/cm
2
. The purpose of having multiple TLD 
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elements in each board was to allow the dosimeter to determine the incident photon energy based 

on the difference in TL response of the three TLD elements due to difference in filtration. 

                 
Figure 1.3: Design of the TLD boards. 

              
Figure 1.4: Design of the sealing boards. 

To attach the three TLD boards onto a pair of glasses, a casing (named „board case‟) for 

each TLD board was also designed in the CAD software (Figure 1.5, 1.6). The design of these 

casings had mechanisms which allowed them to attach to hinges and the bridge of an eyewear 

while holding the TLD boards. The board cases that attach to hinges (Figure 1.5) had two 

columns on their back and can be attached to an eyewear by placing the hinge part of the 

eyewear in between the two columns and then wrapping Velcro tapes around the two columns. 

The board case that attaches to the bridge of an eyewear (Figure 1.6) had clamps which are 

tightened by two M3 x 12 mm screws.  
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Figure 1.5: Design of the board cases that attach to hinges of an eyewear. 

                                 
Figure 1.6: Design of the board case that attaches to the bridge of an eye. 

The type of TLD material chosen in this study was LiF:Mg,Cu,P (lithium fluoride crystal 

doped with magnesium, copper and phosphorous) as it is a highly-sensitive TLD material, and 

more importantly, it has a nearly tissue equivalent response to low energy photons which makes 

it useful for clinical application. One hundred circular pellet shaped LiF:Mg,Cu,P TLD elements 

(Harshaw
TM

 TLD-700H, manufactured by Thermo Scientific
TM

; 3.2 mm diameter, 0.38 mm 

thickness) were procured for the purpose of calibrating the dosimeter. The TLD elements were 

numbered from 1 to 100, and stored individually in microtubes labeled with their number. 
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The components of the dosimeter (TLD boards, PLA filters, sealing boards and board 

cases) were printed individually by Alunar™ M505 3D printer. This printer used plastic 

filaments that are fed into the print-head which is then melted by the print-head to be laid on the 

printing bed. The filaments used were 1.75 mm diameter PLA filaments manufactured by AIO 

Robotics, Inc. The TLD boards were printed with black colored filaments in an effort to prevent 

light being absorbed by the TLD elements inside the board. 

Calibration of the Dosimeter 

Selection of Thermoluminescent Dosimeter Elements 

Only 27 TLD elements from the population 100 TLD elements gathered were selected to 

use in the dosimeter calibration. The selection was done after excluding from the population the 

TLD elements whose post-irradiation TL responses were distant from other TLD elements in the 

population. An irradiation of the TLD elements was performed in the radiation laboratory within 

Carderock Division of the Naval Surface Warfare Center (NSWCCD) in West Bethesda, 

Maryland. The radiation source used for the calibration was was a Cs-137, 7,400 GBq source 

equipped by the Hopewell Model GC-60 Gamma Beam Irradiator (GC-60) manufactured by 

Hopewell Designs, Inc. The exposure rate from the Cs-137 source at 1 m distance on the 

isocenter (the point through which the central ray of the radiation beam passes) was measured 

using a Exradin
TM

 A5 ion chamber manufactured by Standard Imaging, Inc. which is traceable to 

National Institute of Standards and Technology (NIST) (calibrated August 26, 2015; 1.0% 

calibration uncertainty). 

The 100 TLD elements were inserted into a 100-slot acrylic holder (Figure 1.7) and 

were irradiated together on a 30 cm high, 30 cm wide and 15 cm thick acrylic (PMMA) slab 
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phantom at 1 m distance from the Cs-137 source. The slots in the acrylic holder had number 

labels between 1 to 100, so each TLD element was inserted into the slot labeled with the same 

number that it had been labeled with (i.e. TLD#1 in slot#1, TLD#2 in slot#2, etc.). The acrylic 

holder was attached to the slab phantom at the center of the phantom‟s surface that would be 

facing the Cs-137 source (Figure 1.8). The slab phantom was then placed on a moving table that 

can be remotely controlled by the GC-60 system (Figure 1.9), and the position of the table was 

adjusted so that the source and the surface of the phantom facing the source are 1 m apart and 

that the isocenter of the Cs-137 radiation beam is aligned with the center of the phantom‟s 

surface. When the setup was complete, the exposure time was set using the GC60 system 

controller software, and the TLD elements were irradiated. Three sets of irradiation were done in 

total, and the exposure time and exposure rate at 1m distance on the isocenter were recorded for 

each set. After each irradiation set, the TLD elements were read (i.e. measure the TL response) 

and then annealed (i.e. discharge the residual energy stored in the TLD element after a reading) 

using Harshaw TLD
TM

 model 3500 Manual Reader manufactured by Thermo Scientific
TM

. A 

detailed description of reading and annealing procedure with the 3500 Reader is given in 

Appendix B. 
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Figure 1.7: The acrylic holder used to hold the 100 TLD elements together on the slab 

phantom. The holder was 100 mm in depth, 121 mm in height. The thickness of the cover and 

base of the holder was 5.7 mm and 6.5 mm, respectively. 

   
Figure 1.8: The acrylic holder attached to the slab phantom at the center of the phantom’s 

surface. 
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Figure 1.9: The slab phantom placed on the moving table in front of the Cs-137 source 

(GC-60 system). The position of the phantom relative to the source was adjusted by controlling 

the moving table. 

After acquiring three sets of post-irradiation TL response for each TLD elements, the 

calibration factor that relates response of the TLD element to the dose absorbed by the slab 

phantom was calculated. This factor is called the Element Correction Factor, or ecf, and the 

following equation was used for calculation of the ecf: 

𝑒𝑐𝑓𝑖,𝑗
𝐷𝑒𝑒𝑝 =

𝐻𝑝(10)𝑗

𝑇𝐿𝐷𝑖,𝑗
          𝑖 = 1,2, … 100;  𝑗 = 1,2,3         (1) 

Where 𝑒𝑐𝑓𝑖,𝑗
𝐷𝑒𝑒𝑝

 is the ecf calculated with deep dose equivalent, 𝑇𝐿𝐷𝑖,𝑗 is the response of i
th

 

TLD element after j
th

 irradiation (in nano-Coulomb, nC), and Hp(10)j is the deep dose equivalent 

absorbed by the phantom during j
th

 irradiation. Hp(10)j was calculated according to the equations 

and values given in American National Standards Institute (ANSI) N13.11.
[25]

 After calculating 

the 𝑒𝑐𝑓𝑖,𝑗
𝐷𝑒𝑒𝑝

, the mean ecf for each TLD element, 𝑒𝑐𝑓𝑖
𝐷𝑒𝑒𝑝

, was calculated. Once this was done, 

the TLD elements in the population whose 𝑒𝑐𝑓𝑖
𝐷𝑒𝑒𝑝

 values were outliers were determined and 
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excluded from the population. Determination of outlier TLD elements was done using 

Chauvenet‟s criterion. After excluding the outlier TLD elements from the population, 27 TLD 

elements were selected from the population to use in dosimeter calibration. 

Dosimeter Calibration 

International Organization for Standardization‟s (ISO) standard 4037 does not have 

guidance on which phantom should be used to calibrate dosimeters worn on the head to measure 

Hp (3). Either the 20 cm high x 20 cm diameter cylindrical phantom or the 30 cm x 30 cm x 15 

cm slab phantom can be used for Hp (3) calibration, but the problem with using the slab phantom 

is that dose is extremely underestimated when the radiation exposure is incident at 90
o
 angle.

[26]
 

Because of this, the dosimeter was initially planned to be calibrated on the cylindrical phantom. 

The cylindrical phantom, however, was not available in the radiation laboratory, so a different 

phantom had to be used for the calibration.  

The alternative phantom used for the calibration was an anthropomorphic phantom. The 

phantom was representative of a reference man that is composed of the soft tissue and bone 

tissue material in ICRU Report 44 as adopted by Winslow et al. (2009).
[27]

 The dose conversion 

coefficient that was used for this phantom was taken from Behrens and Dietze (2011)
 [22]

 in 

which they calculated conversion coefficient (hlensK) from air kerma (Ka) to equivalent dose 

absorbed by the eye lens (Hlens) by utilizing the stylized computational phantom named ADAM 

phantom adopted from Kramer et al.
[28]

 The use of hlensK for the irradiations performed on the 

anthropomorphic phantom was justified by assuming the difference in the amount of radiation 

scattered back from the ADAM phantom and the anthropomorphic phantom to be negligible, as 

both phantoms were representative of a reference man and were similar in size and material.
[22, 29] 
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The dosimeter was assembled with the printed components and was attached to a pair of 

sunglasses. The sunglasses were then equipped on the anthropomorphic phantom as shown in 

Figure 1.10, and the TLD elements were inserted into the slots in the dosimeter. The 

anthropomorphic phantom was then placed on a moving table in front of the irradiation source, 

and the position of the anthropomorphic phantom was adjusted so that the bridge of the 

anthropomorphic phantom‟s nose is on the isocenter of the radiation beam at 1 m distance from 

the irradiation source.  

                                   
Figure 1.10: The dosimeter attached to a pair sunglasses equipped by the anthropomorphic 

phantom. 

The irradiation sources used were the Cs-137 source in the GC-60, and the M100 and M150 

beam quality x-rays generated by the Hopewell Model X-80 x-ray Beam Irradiator manufactured 

by Hopewell Designs, Inc. As before, the exposure rates from the Cs-137 source were measured 

at 1m distance on the isocenter by the A5 ion chamber, while the exposure rates from the x-ray 

sources were measured at the same relative position by NIST traceable Exradin
TM

 A3 ion 

chamber manufactured by Standard Imaging, Inc. (calibrated November 30, 2009; 0.77% 

calibration uncertainty). Irradiations of the dosimeter and anthropomorphic phantom were 
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performed with the three irradiation sources at five different incident angles: -90
o
, -45

o
, 0

o
, 45

o
 

and 90
o
, as demonstrated in Figure 1.11. The angle of the radiation incident on the 

anthropomorphic phantom was changed by rotating the phantom about a vertical axis that passes 

through the isocenter of the radiation beam at the bridge of the phantom‟s nose. Since the 

dosimeter could only hold 9 TLD elements at a time and there were 27 TLD elements, a total of 

three irradiations were performed for each irradiation angle. After each irradiation, the TLD 

elements were read and annealed with the 3500 Reader as described in Appendix B. 

                 
Figure 1.11: Arrangement for the calibration. Dosimeter irradiations were performed at five 

different incident angles shown in the figure. 

Once all of the irradiations were done and the TLD elements were read, the ecfs of the 

TLD elements at each irradiation angle for each irradiation source were calculated. The ecf for 

each TLD element was calculated using the following equation: 

𝑒𝑐𝑓𝜃,𝑆
𝑙𝑒𝑛𝑠 =

𝐻𝜃,𝑆
𝑙𝑒𝑛𝑠

𝑇𝐿𝐷𝜃,𝑆
                                                              (2) 

Anthropomorphic 

Phantom 

Eye Dosimeter 
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Where 𝑇𝐿𝐷𝜃,𝑆 is the TL response of the TLD element after being irradiated with the source S at 

incidence angle of θ, and 𝐻𝜃,𝑆
𝑙𝑒𝑛𝑠  is the lens dose (Hlens) resulted on the anthropomorphic 

phantom due to that irradiation. 𝐻𝜃,𝑆
𝑙𝑒𝑛𝑠 was calculated as: 

𝐻𝜃,𝑆
𝑙𝑒𝑛𝑠  = ℎ𝑙𝑒𝑛𝑠𝐾𝐾𝑎                                                          (3) 

Where hlensK is the Hlens conversion coefficient of the irradiation acquired from Behrens and 

Dietze (2011) 
[22]

 (Appendix C) and Ka is the air kerma resulted on the isocenter of the radiation 

beam at 1 m distance from the source (i.e. where the exposure rate was measured).  

After calculating the ecfs, a code was written in MathWorks
®
 MATLAB

®
 that accepts 

user inputs of TLD elements‟ responses post-exposure and then estimates the 𝐻𝜃,𝑆
𝑙𝑒𝑛𝑠  using the 

ecfs and the response data gathered during the anthropomorphic phantom irradiation. The code is 

shown in Appendix D, and the algorithm of the code is described in Appendix E. 

Performance Testing 

Performance testing was done to see if the dosimeter can adequately measure Hlens. The 

ANSI provides guidelines for testing the performance of whole body dosimeters (ANSI N13.11) 

and extremity dosimeters (ANSI N13.32 
[30]

), but they currently do not provide any guidelines 

for testing eye dosimeters. Due to the lack of guidelines, the performance testing of the eye 

dosimeter was done following the guidelines in ANSI N13.11 as the criteria outlined in the 

N13.11 for testing is much more conservative than the N13.32‟s criteria. 

To test the dosimeter, the dosimeter was irradiated on the anthropomorphic phantom 

similar to the irradiations performed during the calibration procedure. For each irradiation 

performed; the exposure time, irradiation source and irradiation angle were randomly selected 
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and used. A total of 11 irradiations were performed, the TLD elements in the dosimeter were read 

and annealed after each irradiation. 

Once the irradiations were done, the post-exposure readings of the TLD elements were 

input into the MATLAB code to measure Hlens for each irradiation. Then, it was determined 

whether the dosimeter meets the performance criteria outlined in ANSI N13.11 by comparing the 

measured Hlens value with the conventional true value of Hlens computed by equation (3). 

Integrity Checking of the Thermoluminescent Dosimeter Elements  

The TLD elements used in this project were bare LiF:Mg,Cu,P chips removed from the  

Teflon seal in the chip holder. Thus, it was of interest in this project to see whether the TLD 

elements were physically damaged while handling them during the project. The physical damage 

that was of primary interest was a mass loss of the crystal that may have occurred due to 

handling the chips with tweezers. Since loss of mass would result in decrease in TL output of the 

TLD elements per given dose, the damage was investigated by measuring the change in ecf of 

the TLD elements.  

To measure the change in ecf, the 27 TLD elements used in dosimeter calibration were 

subject to irradiations analogous to the irradiations performed in the beginning of this project to 

select the TLD elements used in calibration. The TLD elements were inserted into the same slots 

in the acrylic holder as before, the slab phantom was set at the same location relative to the 

source, and the slab phantom was given similar magnitude of exposure. After the irradiation, the 

TLD elements were read and the ecfs were calculated using equation (1). These ecfs were then 

compared with the ecfs previously calculated during selection of TLD elements. 
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Results 

Selection of Thermoluminescent Dosimeter Elements 

Table A1 in Appendix A shows the readings of the TLD elements after being exposed to 

Cs-137 irradiations on the slab phantom. Table A2 in Appendix A shows the exposure rate 

measured at the beginning of each irradiation and the exposure time used for each irradiation. 

Table A3 in Appendix A shows the 𝑒𝑐𝑓𝑖,𝑗
𝐷𝑒𝑒𝑝

of the TLD elements calculated with equation (1) 

and the mean ecf of each TLD element ( 𝑒𝑐𝑓𝑖
𝐷𝑒𝑒𝑝

). The 𝐻𝑝(10)𝑗 in equation (1) was calculated 

according to ANSI N13.11 as: 

𝐻𝑝(10)𝑗 = 𝑐𝐾,10𝐾𝑎                                                            (4) 

Where 𝑐𝐾,10 is the deep dose conversion coefficient (𝑐𝐾,10 = 1.21 for irradiations done with Cs-

137 source and slab phantom) and Ka is the air kerma. Ka was calculated by multiplying the 

product of average exposure rate and the exposure time by the exposure-to-kerma conversion 

factor (0.876 x 10
-2

 Gy per 1 R in air).
[31]

  

The mean ecf of the 100 TLD elements, 𝑒𝑐𝑓𝐷𝑒𝑒𝑝, was 8.601 x 10
-6

 Sv/nC with a 

standard deviation of 9.830 x 10
-7

 Sv/nC. Using this mean and standard deviation, Chauvenet‟s 

criterion was applied to 𝑒𝑐𝑓𝑖
𝐷𝑒𝑒𝑝

 data in Table A3 in order to exclude from the population the 

TLD elements whose 𝑒𝑐𝑓𝑖
𝐷𝑒𝑒𝑝

 values were outliers. For data sample size of 100, the criterion 

states that data points that deviates from the sample mean greater than 2.81 standard deviations 

can be considered as outliers.
[32]

 Therefore, TLD elements #27 and #65 were excluded from the 

population as their 𝑒𝑐𝑓𝑖
𝐷𝑒𝑒𝑝

 values fell outside the 2.81 standard deviations from the mean. 
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Once the TLD element #27 and #65 were excluded from the TLD element population, the 27 

TLD elements in Table 2.1 were selected from the population to use in dosimeter calibration. 

Table 2.1: The 27 TLD elements selected to use in dosimeter calibration. 

TLD #  𝒆𝒄𝒇𝑫𝒆𝒆𝒑 (Sv/nC) TLD # 𝒆𝒄𝒇𝑫𝒆𝒆𝒑 (Sv/nC) 
1 7.948E-06 26 8.020E-06 
2 9.201E-06 28 8.251E-06 
3 9.039E-06 30 8.240E-06 
4 8.407E-06 31 8.847E-06 
5 8.092E-06 34 8.416E-06 
6 8.596E-06 36 8.335E-06 
7 7.733E-06 39 8.198E-06 
12 8.708E-06 40 8.123E-06 
14 8.694E-06 41 7.981E-06 
16 8.842E-06 42 8.727E-06 
17 8.807E-06 44 8.043E-06 
19 8.378E-06 48 8.002E-06 
21 7.930E-06 53 7.927E-06 
24 8.235E-06   

 

Dosimeter Calibration 

Figure 3.1 shows the slot in the dosimeter that the selected TLD elements in Table 2.1 

occupied during the irradiation of the dosimeter. Table A4 in Appendix A shows the source and 

the irradiation angle used during each irradiation performed on the anthropomorphic phantom 

and the post-irradiation readings of the TLD elements. 
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Set 

# 

Slot #1 Slot #2 Slot #3 Slot #4 Slot #5 Slot #6 Slot #7 Slot #8 Slot #9 

1 TLD 

#1 

TLD 

#3 

TLD 

#4 

TLD 

#5 
TLD 

#6 
TLD 

#7 
TLD 

#12 
TLD 

#14 
TLD 

#16 

2 TLD 

#17 

TLD 

#19 

TLD 

#21 

TLD 

#24 

TLD 

#26 

TLD 

#28 

TLD 

#30 

TLD 

#31 

TLD 

#34 

3 TLD 

#36 

TLD 

#39 

TLD 

#40 

TLD 

#41 

TLD 

#42 

TLD 

#2 

TLD 

#44 

TLD 

#48 

TLD 

#53 

 Figure 3.1: Slots in the dosimeter that the selected 27 TLD elements occupied during    

the irradiation of the dosimeter. 

 

Using the data in Table A4 and equation (2) and (3), the 𝑒𝑐𝑓𝜃,𝑆
𝑙𝑒𝑛𝑠 values were calculated. Table 

A5 in Appendix A shows the average 𝑒𝑐𝑓𝜃,𝑆
𝑙𝑒𝑛𝑠 values at each slot in the dosimeter. 

The end product of the dosimeter calibration procedure was a MATLAB code in 

Appendix D. The code imports the data in Table A4 and Table A5 at the beginning of its 

sequence and then uses the data during its Hlens calculation sequence. A detailed description of 

the code‟s algorithm is given in Appendix E. 
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Performance Testing 

 Table A6 in Appendix A shows the post-irradiation readings of the TLD elements after 

the 11 irradiations that were performed using the randomly selected irradiation angle, irradiation 

source, and exposure magnitude. The readings in Table A6 were input into the MATLAB code to 

measure the Hlens for each irradiation performed, and the measured Hlens are shown in the right 

column of Table 4.1. The conventional true value of Hlens was calculated with equation (3), and 

the calculated Hlens are shown in the left column of Table 4.1. 

According to ANSI N13.11, performance of a dosimetry system is considered acceptable 

when it satisfies the following condition 
[25]

: 

B2 + 𝑆2 ≤ 𝐿2                                                                         (4) 

Where L is the tolerance level* set by the ANSI; B is the bias of the performance quotient, 𝑃𝑖, of 

a set of dosimeter test results which is defined as 
[25]

: 

B ≡ 𝑃 = (
1

𝑛
) ∑ 𝑃𝑖

𝑛

𝑖=1

                                                                  (5) 

And S is the standard deviation of the performance quotient 𝑃𝑖 defined as: 

S = √∑ (𝑃𝑖 − 𝑃)
2

𝑛
𝑖=1

𝑛 − 1
                                                                  (6) 

𝑃𝑖 in the case of the eye dosimeter can be defined as 
[25]

:  

𝑃𝑖 =
(𝐻𝑙𝑒𝑛𝑠)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − (𝐻𝑙𝑒𝑛𝑠)𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

(𝐻𝑙𝑒𝑛𝑠)𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
                                          (7) 

Where (𝐻𝑙𝑒𝑛𝑠)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 are the Hlens values that are measured by the dosimeter and 

(𝐻𝑙𝑒𝑛𝑠)𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 are the Hlens values calculated using equation (3).  

* Due to lack of guidelines in N13.11 for performance testing eye dosimeters, we used the most 

conservative tolerance level in N13.11 (L=0.24) 
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Table 4.1: The Hlens measured by the dosimeter (right column) and the Hlens calculated 

using equation (3) (left column). 

(𝑯𝒍𝒆𝒏𝒔)𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 (Sv) (𝑯𝒍𝒆𝒏𝒔)𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 (Sv) 

1.36E-02 1.33E-02 

1.36E-02 1.27E-02 

1.36E-03 1.35E-03 

8.72E-04 8.02E-04 

8.72E-04 7.88E-04 

6.53E-02 6.40E-02 

6.86E-02 7.08E-02 

9.77E-03 8.43E-03 

9.06E-03 1.24E-02 

5.13E-02 4.59E-02 

1.04E-02 1.05E-02 
 

 

The bias calculated with the data in Table 4.1 was 0.08704 and the standard deviation 

was 0.1042. Since the sum of the square of these values, B2 + 𝑆2 = 0.01843, were less than the 

square of the tolerance level, L=0.24, it was concluded according to equation (4) that the eye 

dosimeter met the ANSI‟s performance criteria.  

            
Figure 4.1: Bias of the eye dosimeter (red dot) compared with ANSI N13.11 tolerance level 

(blue curve). The performance of the eye dosimeter is within the ANSI N13.11 tolerance level, 

indicating that it satisfies the condition described by equation (4). 

ANSI N13.11 

Tolerance Level 

Eye Dosimeter 

Performance 
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Integrity Checking of the Thermoluminescent Dosimeter Elements 

Table 5.1 shows the average of the 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 of the 27 TLD elements calculated at the 

end of this project. Table 5.2 shows the percentage difference between the 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 calculated at 

the beginning of this project (Table 2.1) and the 𝑒𝑐𝑓𝐷𝑒𝑒𝑝  in Table 5.1. The percentage 

difference was calculated as: 

(𝑒𝑐𝑓𝐷𝑒𝑒𝑝)
𝐸𝑛𝑑

− (𝑒𝑐𝑓𝐷𝑒𝑒𝑝)
𝑆𝑡𝑎𝑟𝑡

(𝑒𝑐𝑓𝐷𝑒𝑒𝑝)
𝑆𝑡𝑎𝑟𝑡

× 100% 

Where (𝑒𝑐𝑓𝐷𝑒𝑒𝑝)
𝑆𝑡𝑎𝑟𝑡

 and (𝑒𝑐𝑓𝐷𝑒𝑒𝑝)
𝐸𝑛𝑑

 are the 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 calculated at the beginning and 

end of this project, respectively. 

 

Table 5.1: 𝒆𝒄𝒇𝑫𝒆𝒆𝒑 of the 27 TLD elements calculated at the end of this project.  

TLD #  𝒆𝒄𝒇𝑫𝒆𝒆𝒑 (Sv/nC) TLD # 𝒆𝒄𝒇𝑫𝒆𝒆𝒑 (Sv/nC) 
1 1.042E-05 26 8.798E-06 
2 9.992E-06 28 8.961E-06 
3 9.067E-06 30 8.974E-06 
4 9.438E-06 31 9.871E-06 
5 8.984E-06 34 8.897E-06 
6 9.512E-06 36 8.987E-06 
7 8.710E-06 39 9.089E-06 
12 9.658E-06 40 9.060E-06 
14 9.673E-06 41 8.596E-06 
16 1.003E-05 42 9.870E-06 
17 9.782E-06 44 8.873E-06 
19 9.383E-06 48 8.757E-06 
21 8.721E-06 53 8.598E-06 
24 9.168E-06   
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Table 5.2: The percentage difference between the 𝒆𝒄𝒇𝑫𝒆𝒆𝒑 calculated at the beginning of 

this project ((𝒆𝒄𝒇𝑫𝒆𝒆𝒑)
𝑺𝒕𝒂𝒓𝒕

) and at the end of this project ((𝒆𝒄𝒇𝑫𝒆𝒆𝒑)
𝑬𝒏𝒅

). 

TLD # (𝒆𝒄𝒇𝑫𝒆𝒆𝒑)
𝑺𝒕𝒂𝒓𝒕

 (Sv/nC) (𝒆𝒄𝒇𝑫𝒆𝒆𝒑)
𝑬𝒏𝒅

 (Sv/nC) % Difference 

1 7.948E-06 1.042E-05 31.12% 
2 9.201E-06 9.992E-06 10.54% 
3 9.039E-06 9.067E-06 -1.47% 
4 8.407E-06 9.438E-06 12.27% 
5 8.092E-06 8.984E-06 11.03% 
6 8.596E-06 9.512E-06 10.66% 
7 7.733E-06 8.710E-06 12.62% 
12 8.708E-06 9.658E-06 10.91% 
14 8.694E-06 9.673E-06 11.27% 
16 8.842E-06 1.003E-05 13.47% 
17 8.807E-06 9.782E-06 11.06% 
19 8.378E-06 9.383E-06 12.01% 
21 7.930E-06 8.721E-06 9.98% 
24 8.235E-06 9.168E-06 11.33% 
26 8.020E-06 8.798E-06 9.69% 
28 8.251E-06 8.961E-06 8.61% 
30 8.240E-06 8.974E-06 8.91% 
31 8.847E-06 9.871E-06 11.58% 
34 8.416E-06 8.897E-06 5.72% 
36 8.335E-06 8.987E-06 7.82% 
39 8.198E-06 9.089E-06 10.87% 
40 8.123E-06 9.060E-06 11.54% 
41 7.981E-06 8.596E-06 7.70% 
42 8.727E-06 9.870E-06 13.10% 
44 8.043E-06 8.873E-06 10.33% 
48 8.002E-06 8.757E-06 9.43% 
53 7.927E-06 8.598E-06 8.47% 

 

It is clear from Table 5.2 that there was an overall increase in 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 with an exception of 

TLD #2 which saw a 1.67% decrease in 𝑒𝑐𝑓𝐷𝑒𝑒𝑝. Since 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 is inversely proportional to the 

TL output of the TLD elements, it was therefore concluded that the TLD elements‟ TL output had 

decreased throughout the project. 
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Discussion 

The purpose of this project was to develop a prototype eye dosimeter to monitor occupational 

lens of the eye equivalent dose of IRs. While the dosimeter developed in this project has a 

number of limitations due to which one can argue that the dosimeter is impractical for frequent 

use (for example: the size and weight of the dosimeter can make it uncomfortable to wear, and 

TLD elements can be damaged or be contaminated with dirt, oil and dust if they are not handled 

carefully as there is nothing that protects the TLD elements once they are taken out of the 

dosimeter); the fact that the dosimeter is worn close to the eyes and that it can be produced by 

additive manufacturing processes is a clear advantage that the eye dosimeter has over typical 

dosimeter cards worn at the collar and waist. It is important to note that optimization of the 

dosimeter‟s design for wearing comfort and performance is outside of the scope of this project. 

The main focus in the designing process was to make the dosimeter‟s design as simple as 

possible due to the limitation of the Alunar
TM

 M505 3D printer in producing complex structures. 

Therefore, the dosimeter developed in this project should be considered not as a fully functioning 

dosimeter, but rather a prototype to test if it is feasible to produce an eye dosimeter that are 

equipped by a pair of glasses. The results of dosimeter calibration and performance test have 

demonstrated that it is feasible as the performance of the eye dosimeter was well within the 

tolerance level set by the ANSI, at least for photon exposures.  

The calibration sources used in this project were M100 and M150 beam quality x-rays and 

Cs-137, all of which are photon sources. The reason that the eye dosimeter was calibrated only 

with the photon sources was that IRs are primarily exposed to x-ray photons scattered by the 

patient‟s body. The x-ray photons can interact with air molecules before reaching the patient and 
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result in emission of beta particles, but these beta particles would have very short range in air 

thus it is unlikely that they would contribute to the lens dose absorbed by the IR.  

The photons reaching the IR‟s lens of the eye may have substantially different energies than 

the photon energy that the dosimeter was calibrated. Due to the lack of information related to the 

spectra exposing the lens of the eye, in this study we calibrated the dosimeters to the mean 

energy of the Cs-137, M100 and M150. The x-ray tube voltage used during interventional 

procedures can vary from 100 kVp to 150 kVp. The mean energy of photons produced at this 

voltage range would roughly be between 33 keV to 50 keV (i.e. 1/3
rd

 of the tube voltage), and 

since IRs are exposed to these photons after they have been scattered by the patient‟s body, the 

photons seen by their eyes would have somewhat lower energies than the photons produced by 

the x-ray tube. The dosimeter, however, was calibrated for 53 keV photons (from M100 x-rays), 

73 keV photons (from M150 x-rays), and 662 keV photons (from Cs-137), all of which are 

higher energy photons than the ones that would be seen by the IR‟s eyes. While it may be 

possible to calibrate the dosimeter at energies relevant to the scattered IR‟s exposure, we were 

unable to do so in this project because available photon sources did not emit low energy photons 

and the lack of information related to the exposure spectra. Further evaluation is needed to 

determine the behavior of the dosimeter when it is exposed to lower energy photons, and to 

determine whether the calibration work done in this project would be relevant in terms of 

calibrating the dosimeter to monitor the IR‟s occupational lens dose. Furthermore, additional 

studies are needed to characterize the scattered field from the patient. Without this information, 

the calibration of this dosimeter should use the average energies of imaging beam (33 keV to 50 

keV) as these energies would be the most appropriate calibration energy in lack of information 

related to the exposure spectra. 
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The comparison between the 𝑒𝑐𝑓𝐷𝑒𝑒𝑝 of the TLD elements measured at the beginning and 

at the end of this project indicated that there had been an overall decrease in TLD elements‟ TL 

output. As mentioned before, the decrease is likely due to a mass loss of the crystal that could 

have occurred due to handling the bare LiF:Mg,Cu,P chips with tweezers. The mass loss may not 

be the sole cause of the decrease, however: It has been reported that TLD-700H can lose its 

sensitivity (i.e. TL output per dose absorbed) after repeated use (about 5.19% after 1000 reads 

done with maximum temperature of 240 
o
C 

[33]
).  

The project has demonstrated that the concept of eye dosimeter that attaches to an eyewear 

worn by IRs to monitor occupational lens dose is feasible, but there is still a lot of room for 

improvement. The followings are few suggestions for future work. 

- Optimization of the eye dosimeter design. The current design of the eye dosimeter is too 

bulky, and the weight of the dosimeter can easily cause the eyewear to slip down the nose 

which makes it impractical for frequent use. Reducing the size of the dosimeter can 

resolve this issue, but producing the dosimeter would require a 3D printer that is capable 

of printing smaller parts. 

- Calibrating the eye dosimeter to measure Hp (3). In this project, the lens of the eye 

dosimeter was calibrated to measure Hlens, the lens dose calculated with the reference 

phantom in Behrens and Dietze (2011), because the cylindrical phantom required for Hp 

(3) calibration was not available in the radiation lab. Since the regulated annual lens dose 

limit is given in Hp (3) quantity, the dosimeter needs to be calibrated to measure Hp (3) 

before it can be used. 

- Monte Carlo simulation of the dosimeter to characterize its behavior at different angles 

and energy. If the behavior of the dosimeter can be characterized through computational 
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method, then the calibration process can be done more efficiently. For instance, if the 

behavior of the dosimeter at -90
o
, -45

o
, 45

o
 and 90

o
 irradiation (Figure 1.11) relative to 0

o
 

irradiation can be characterized, the dosimeter then only needs to be manually calibrated 

at 0
o
 irradiation. 

- Calibration of the dosimeter for photon energies relevant to IR‟s occupational exposure. 

As mentioned before, IRs are exposed to scattered x-ray photons whose energies before 

the scattering interactions are already relatively low. Studies should be done to test if the 

behavior of the dosimeter is drastically different at these energies, and if not, whether the 

calibration done in this work can be used at these energies and still meet the ANSI‟s 

performance criteria. 
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Conclusion 

Due to the lack of dedicated eye dosimeters available for routine eye lens monitoring, 

the eye lens dosimetry is currently done in practice by monitoring Hp (0.07) with a whole body 

dosimeter worn at the collar, which provides adequate estimate of the eye lens dose but at less 

accuracy than a dedicated eye dosimeter. In this project, an eye dosimeter was developed in 

effort to fill the dosimetry gap that exists for the routine monitoring of interventional radiologists 

for occupational lens of the eye dose. Two main objectives of this project were to design the eye 

dosimeter so that it can be easily be manufactured and distributed, and to calibrate the dosimeter 

to measure the eye lens dose. The first objective was met by designing the eye dosimeter in a 

CAD software to enable the use of additive manufacturing to produce the dosimeter, and the 

second objective was met by calibrating the dosimeter on an anthropomorphic phantom to 

measure Hlens. While the dosimeter developed in this project is not a fully functional dosimeter 

that can be used in practice, as scope of this project was limited to testing the feasibility of the 

eye dosimeter design, the performance of the eye dosimeter demonstrated to be in compliance 

with the ANSI N13.11 criteria, suggesting that the design is feasible. However, further work 

should be done in optimizing the dosimeter design and calibration procedure to enable practical 

application of the dosimeter in monitoring occupational lens dose of interventional radiologists. 
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Appendix A: Primary Data 

Table A1: Post-irradiation readings in nanoCoulomb (nC) of the 100 TLD elements 

irradiated with the Cs-137 source on the slab phantom. 

TLD# Readings 
after 1

st
 

irradiation 
(nC) 

Readings 
after 2

nd
 

irradiation 
(nC) 

Readings 
after 3

rd
 

irradiation 
(nC) 

TLD# Readings 
after 1

st
 

irradiation 
(nC) 

Readings 
after 2

nd
 

irradiation 
(nC) 

Readings 
after 3

rd
 

irradiation 
(nC) 

1 628.5 633.2 653.2 43 580.9 613.3 612.9 
2 541.6 544.8 568.0 44 615.0 637.5 640.0 
3 554.9 551.8 577.4 45 520.5 554.4 556.9 
4 600.0 594.9 615.4 46 660.6 683.2 688.0 
5 611.4 628.7 641.1 47 524.2 553.6 555.5 
6 577.7 586.3 607.0 48 610.3 661.4 631.9 
7 655.7 645.7 666.5 49 500.8 556.3 538.0 
8 647.5 651.2 668.7 50 437.3 459.9 459.0 
9 618.4 622.7 642.2 51 473.8 482.1 492.3 
10 517.2 522.5 543.6 52 520.3 552.6 545.0 
11 669.5 676.7 699.1 53 635.0 652.9 640.8 
12 586.4 569.6 591.8 54 496.3 526.9 526.7 
13 506.0 497.9 511.8 55 692.0 697.4 705.0 
14 575.0 577.2 598.6 56 557.7 551.2 557.7 
15 540.0 530.6 562.5 57 610.0 594.2 584.7 
16 576.9 564.3 579.9 58 580.9 577.8 582.5 
17 574.1 569.0 584.8 59 654.8 652.7 650.1 
18 539.6 529.1 554.9 60 608.9 605.7 595.9 
19 592.4 602.9 621.7 61 540.4 528.3 521.4 
20 535.0 518.8 542.9 62 620.7 601.4 599.4 
21 620.8 659.1 640.1 63 660.9 642.1 627.3 
22 642.6 670.2 660.5 64 584.4 587.0 577.5 
23 508.1 518.6 519.9 65 407.0 415.8 423.7 
24 609.8 620.4 617.7 66 533.5 524.5 517.6 
25 686.5 695.8 694.4 67 650.6 640.9 627.4 
26 626.3 641.4 629.7 68 694.4 681.4 670.1 
27 404.7 438.5 405.4 69 606.8 598.4 575.6 
28 614.1 616.8 613.3 70 616.9 596.7 592.0 
29 527.4 542.0 535.4 71 589.7 610.7 577.6 
30 606.2 625.8 615.0 72 649.6 638.5 623.5 
31 544.6 594.1 583.7 73 535.9 522.7 499.8 
32 668.6 701.3 707.2 74 648.1 654.0 628.2 
33 642.1 678.4 665.4 75 557.4 559.4 542.4 
34 581.5 616.9 610.9 76 638.9 647.8 639.9 
35 514.2 562.2 562.4 77 510.4 515.4 504.4 
36 581.4 629.2 617.0 78 609.3 613.8 601.6 
37 627.6 674.9 656.0 79 472.6 474.4 465.7 
38 482.0 508.6 502.6 80 666.7 671.1 658.2 
39 594.4 641.5 622.0 81 589.0 592.0 571.4 
40 606.9 633.4 633.8 82 647.2 651.6 628.9 
41 612.2 648.9 646.7 83 595.2 604.5 576.0 
42 573.7 585.5 584.6 84 689.0 674.8 657.3 
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Table A1 (cont.) 

TLD# Readings 
after 1

st
 set 

of irradiation 
(nC) 

Readings 
after 2

nd
 set 

of irradiation 
(nC) 

Readings 
after 3

rd
 set 

of irradiation 
(nC) 

TLD# Readings 
after 1

st
 set 

of irradiation 
(nC) 

Readings 
after 2

nd
 set 

of irradiation 
(nC) 

Readings 
after 3

rd
 set 

of irradiation 
(nC) 

85 649.0 633.1 616.1 93 650.1 629.7 632.2 
86 628.9 621.2 610.2 94 511.7 510.1 502.6 
87 642.2 642.3 639.8 95 686.2 691.0 674.7 
88 559.5 569.7 559.6 96 569.5 568.7 565.9 
89 606.7 588.3 601.3 97 670.9 667.1 655.9 
90 658.7 647.3 636.8 98 685.3 666.2 665.9 
91 662.6 647.7 643.7 99 682.7 672.3 668.9 
92 657.7 629.2 625.0 100 645.9 633.6 623.4 

 

 

 

 

 

 

Table A2: The exposure rate and exposure time of each irradiation.  

 1st irradiation 2st irradiation 3st irradiation 
Average exposure 
rate in Roentgen 
per minute 
(R/min)* 

0.964 0.963 0.952 

Exposure time 
(minutes) 

0.497 0.497 0.502 

  

* The international unit for radiation exposure is the coulomb per kilogram (C/kg), 

which is equivalent to 3876 Roentgen. The exposure was expressed here in Roentgen 

because radiation exposure is commonly expressed in Roentgen, and the output of the 

ion chamber was also in Roentgen. 



 

- 39 - 

 

 

TLD # 
(i) 

𝒆𝒄𝒇𝒊,𝟏
𝑫𝒆𝒆𝒑

 

(Sv/nC) 

𝒆𝒄𝒇𝒊,𝟐
𝑫𝒆𝒆𝒑

 

(Sv/nC) 

𝒆𝒄𝒇𝒊,𝟑
𝑫𝒆𝒆𝒑

 

(Sv/nC) 
𝒆𝒄𝒇𝒊

𝑫𝒆𝒆𝒑
 

(Sv/nC) 

TLD # 
(i) 

𝒆𝒄𝒇𝒊,𝟏
𝑫𝒆𝒆𝒑

 

(Sv/nC) 

𝒆𝒄𝒇𝒊,𝟐
𝑫𝒆𝒆𝒑

 

(Sv/nC) 

𝒆𝒄𝒇𝒊,𝟑
𝑫𝒆𝒆𝒑

 

(Sv/nC) 
𝒆𝒄𝒇𝒊

𝑫𝒆𝒆𝒑
 

(Sv/nC) 

1 8.075E-06 8.006E-06 7.764E-06 7.948E-06 51 1.071E-05 1.052E-05 1.030E-05 1.051E-05 
2 9.370E-06 9.306E-06 8.929E-06 9.201E-06 52 9.754E-06 9.174E-06 9.305E-06 9.411E-06 
3 9.146E-06 9.188E-06 8.783E-06 9.039E-06 53 7.992E-06 7.765E-06 7.914E-06 7.890E-06 
4 8.458E-06 8.522E-06 8.241E-06 8.407E-06 54 1.023E-05 9.622E-06 9.629E-06 9.825E-06 
5 8.301E-06 8.064E-06 7.911E-06 8.092E-06 55 7.334E-06 7.269E-06 7.194E-06 7.266E-06 
6 8.785E-06 8.647E-06 8.355E-06 8.596E-06 56 9.100E-06 9.198E-06 9.093E-06 9.130E-06 
7 7.740E-06 7.851E-06 7.609E-06 7.733E-06 57 8.320E-06 8.532E-06 8.674E-06 8.508E-06 
8 7.838E-06 7.785E-06 7.584E-06 7.736E-06 58 8.736E-06 8.774E-06 8.706E-06 8.739E-06 
9 8.207E-06 8.141E-06 7.897E-06 8.082E-06 59 7.750E-06 7.767E-06 7.801E-06 7.773E-06 

10 9.812E-06 9.703E-06 9.329E-06 9.615E-06 60 8.335E-06 8.370E-06 8.511E-06 8.405E-06 
11 7.580E-06 7.492E-06 7.254E-06 7.442E-06 61 9.391E-06 9.596E-06 9.727E-06 9.571E-06 
12 8.654E-06 8.900E-06 8.570E-06 8.708E-06 62 8.176E-06 8.430E-06 8.461E-06 8.356E-06 
13 1.003E-05 1.018E-05 9.909E-06 1.004E-05 63 7.679E-06 7.895E-06 8.085E-06 7.886E-06 
14 8.826E-06 8.783E-06 8.472E-06 8.694E-06 64 8.684E-06 8.637E-06 8.782E-06 8.701E-06 
15 9.398E-06 9.555E-06 9.016E-06 9.323E-06 65 1.247E-05 1.219E-05 1.197E-05 1.221E-05 
16 8.797E-06 8.984E-06 8.745E-06 8.842E-06 66 9.513E-06 9.666E-06 9.798E-06 9.659E-06 
17 8.840E-06 8.910E-06 8.672E-06 8.807E-06 67 7.800E-06 7.910E-06 8.083E-06 7.931E-06 
18 9.405E-06 9.582E-06 9.139E-06 9.375E-06 68 7.308E-06 7.440E-06 7.568E-06 7.439E-06 
19 8.567E-06 8.409E-06 8.157E-06 8.378E-06 69 8.363E-06 8.472E-06 8.811E-06 8.549E-06 
20 9.486E-06 9.772E-06 9.341E-06 9.533E-06 70 8.227E-06 8.496E-06 8.567E-06 8.430E-06 
21 8.175E-06 7.692E-06 7.923E-06 7.930E-06 71 8.606E-06 8.301E-06 8.780E-06 8.563E-06 
22 7.898E-06 7.564E-06 7.678E-06 7.713E-06 72 7.812E-06 7.940E-06 8.134E-06 7.962E-06 
23 9.988E-06 9.776E-06 9.755E-06 9.839E-06 73 9.470E-06 9.699E-06 1.015E-05 9.772E-06 
24 8.322E-06 8.172E-06 8.210E-06 8.235E-06 74 7.830E-06 7.752E-06 8.073E-06 7.885E-06 
25 7.392E-06 7.286E-06 7.303E-06 7.327E-06 75 9.105E-06 9.063E-06 9.350E-06 9.172E-06 
26 8.103E-06 7.904E-06 8.054E-06 8.020E-06 76 7.943E-06 7.826E-06 7.925E-06 7.898E-06 
27 1.254E-05 1.156E-05 1.251E-05 1.220E-05 77 9.943E-06 9.836E-06 1.005E-05 9.945E-06 
28 8.264E-06 8.219E-06 8.269E-06 8.251E-06 78 8.329E-06 8.260E-06 8.430E-06 8.340E-06 
29 9.623E-06 9.354E-06 9.472E-06 9.483E-06 79 1.074E-05 1.069E-05 1.089E-05 1.077E-05 
30 8.372E-06 8.101E-06 8.246E-06 8.240E-06 80 7.612E-06 7.554E-06 7.705E-06 7.624E-06 
31 9.319E-06 8.533E-06 8.688E-06 8.847E-06 81 8.616E-06 8.564E-06 8.875E-06 8.685E-06 
32 7.590E-06 7.229E-06 7.171E-06 7.330E-06 82 7.841E-06 7.780E-06 8.064E-06 7.895E-06 
33 7.904E-06 7.473E-06 7.622E-06 7.666E-06 83 8.526E-06 8.387E-06 8.805E-06 8.573E-06 
34 8.727E-06 8.218E-06 8.302E-06 8.416E-06 84 7.366E-06 7.513E-06 7.716E-06 7.531E-06 
35 9.870E-06 9.018E-06 9.018E-06 9.302E-06 85 7.820E-06 8.008E-06 8.232E-06 8.020E-06 
36 8.729E-06 8.057E-06 8.220E-06 8.335E-06 86 8.070E-06 8.161E-06 8.311E-06 8.181E-06 
37 8.086E-06 7.512E-06 7.731E-06 7.776E-06 87 7.902E-06 7.893E-06 7.927E-06 7.907E-06 
38 1.053E-05 9.968E-06 1.009E-05 1.020E-05 88 9.071E-06 8.899E-06 9.063E-06 9.011E-06 
39 8.538E-06 7.903E-06 8.153E-06 8.198E-06 89 8.365E-06 8.618E-06 8.434E-06 8.472E-06 
40 8.362E-06 8.004E-06 8.002E-06 8.123E-06 90 7.704E-06 7.832E-06 7.964E-06 7.833E-06 
41 8.290E-06 7.813E-06 7.842E-06 7.981E-06 91 7.659E-06 7.827E-06 7.879E-06 7.788E-06 
42 8.846E-06 8.659E-06 8.675E-06 8.727E-06 92 7.716E-06 8.057E-06 8.114E-06 7.963E-06 
43 8.736E-06 8.266E-06 8.275E-06 8.426E-06 93 7.806E-06 8.051E-06 8.022E-06 7.960E-06 
44 8.252E-06 7.952E-06 7.924E-06 8.043E-06 94 9.918E-06 9.939E-06 1.009E-05 9.982E-06 
45 9.750E-06 9.144E-06 9.107E-06 9.334E-06 95 7.396E-06 7.337E-06 7.517E-06 7.416E-06 
46 7.682E-06 7.420E-06 7.371E-06 7.491E-06 96 8.911E-06 8.915E-06 8.962E-06 8.929E-06 
47 9.681E-06 9.158E-06 9.130E-06 9.323E-06 97 7.564E-06 7.600E-06 7.732E-06 7.632E-06 
48 8.315E-06 7.665E-06 8.026E-06 8.002E-06 98 7.405E-06 7.610E-06 7.616E-06 7.544E-06 
49 1.013E-05 9.113E-06 9.426E-06 9.558E-06 99 7.434E-06 7.541E-06 7.582E-06 7.519E-06 
50 1.161E-05 1.102E-05 1.105E-05 1.123E-05 100 7.857E-06 8.001E-06 8.135E-06 7.998E-06 

  

Table A3: The 𝑬𝑪𝑪𝒊,𝒋
𝑫𝒆𝒆𝒑

and the mean ecf ( 𝒆𝒄𝒇𝒊
𝑫𝒆𝒆𝒑

) of each TLD element. 
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Table A4: Post-irradiation readings of the TLD elements. The dosimeter and the anthropomorphic phantom were irradiated using Cs-137, 

M100 and M150 beam quality X-ray sources at five different incident angles: -90
o
, -45

o
, 0

o
, 45

o
 and 90

o
. 

Irradiation 
source 

Set # Incident 
angle of 
irradiation 

Exposure 
given (R ) 

Reading 
of the TLD 
in slot #1 
(nC) 

Reading 
of the TLD 
in slot #2 
(nC) 

Reading 
of the TLD 
in slot #3 
(nC) 

Reading 
of the TLD 
in slot #4 
(nC) 

Reading 
of the TLD 
in slot #5 
(nC) 

Reading 
of the TLD 
in slot #6 
(nC) 

Reading 
of the TLD 
in slot #7 
(nC) 

Reading 
of the TLD 
in slot #8 
(nC) 

Reading 
of the TLD  
in slot #9 
(nC) 

Cs-137 1 0o 0.478 406.4 424.8 522.4 564.1 567.2 581.3 529.2 440.8 401.9 
Cs-137 2 0o 0.478 375.7 433.9 559.7 531.5 589.9 558.8 563.5 444.6 448.5 
Cs-137 3 0o 0.478 361.8 436.6 518.3 557.9 533.6 493.9 551.2 516.7 477.7 
M100 1 0o 0.478 257.4 303.6 537.6 627.5 561.8 660.1 317.3 472.5 337.3 
M100 2 0o 0.478 245.9 330.3 568.6 574.3 612.2 626.1 281.7 433.8 375.3 
M100 3 0o 0.478 258.8 345.9 554.6 600.6 550.1 555.2 257.7 482.2 395.4 
M150 1 0o 0.478 300.4 329.0 549.9 761.4 518.2 635.5 386.8 453.6 386.4 
M150 2 0o 0.478 281.9 381.6 586.3 703.2 569.1 598.4 519.6 391.6 381.7 
M150 3 0o 0.478 289.2 375.9 569.8 758.6 526.0 520.5 447.0 341.2 407.4 
Cs-137 1 45o 0.479 481.5 595.8 554.8 536.8 516.9 592.3 483.3 395.2 382.2 
Cs-137 2 45o 0.479 505.6 558.4 595.9 528.5 564.8 547.9 521.4 378.9 419.8 
Cs-137 3 45o 0.479 535.7 598.6 582.1 568.5 509.6 502.7 523.1 425.5 453.6 
M100 1 45o 0.478 580.4 662.5 564.6 522.0 567.7 710.2 483.5 317.7 125.3 
M100 2 45o 0.478 615.4 612.4 614.1 501.1 613.2 642.5 509.5 315.0 137.0 
M100 3 45o 0.478 642.9 650.6 551.4 543.3 554.5 582.3 523.9 354.9 140.7 
M150 1 45o 0.478 569.2 637.2 753.1 715.7 562.1 658.7 481.8 337.0 207.9 
M150 2 45o 0.478 600.7 600.7 770.7 708.4 590.5 626.1 524.5 345.9 233.0 
M150 3 45o 0.478 640.9 629.7 765.5 708.6 539.4 565.5 528.0 322.1 135.9 
Cs-137 1 90o 0.478 614.6 565.4 544.2 406.7 423.1 495.6 383.9 240.4 184.2 
Cs-137 2 90o 0.478 545.0 604.4 588.1 384.8 448.8 482.7 382.7 219.2 198.3 
Cs-137 3 90o 0.478 558.8 618.4 552.9 421.1 404.9 432.0 371.1 241.8 200.0 
M100 1 90o 0.478 660.0 762.7 665.6 177.5 395.4 505.6 111.7 50.77 36.15 
M100 2 90o 0.478 712.3 691.4 748.1 252.0 413.0 464.2 135.0 47.97 40.48 
M100 3 90o 0.478 756.5 734.7 681.6 230.8 372.3 416.6 127.4 67.10 49.15 
M150 1 90o 0.479 581.4 636.5 709.6 244.7 340.3 463.4 189.9 76.21 55.98 
M150 2 90o 0.479 616.5 593.9 769.8 222.9 391.7 430.3 192.0 76.95 61.77 
M150 3 90o 0.479 640.0 623.7 714.6 303.2 305.8 384.8 154.0 99.42 68.44 



 

 

 

- 4
1
 - 

 

 

 

Table A4 (cont.) 

Irradiation 
source 

Set # Incident 
angle of 
irradiation 

Exposure 
given (R ) 

Reading 
of the TLD 
in slot #1 
(nC) 

Reading 
of the TLD 
in slot #2 
(nC) 

Reading 
of the TLD 
in slot #3 
(nC) 

Reading 
of the TLD 
in slot #4 
(nC) 

Reading 
of the TLD 
in slot #5 
(nC) 

Reading 
of the TLD 
in slot #6 
(nC) 

Reading 
of the TLD 
in slot #7 
(nC) 

Reading 
of the TLD 
in slot #8 
(nC) 

Reading 
of the TLD  
in slot #9 
(nC) 

Cs-137 1 -45o 0.479 332.0 352.9 476.1 540.1 515.4 561.8 533.2 537.6 479.9 
Cs-137 2 -45o 0.479 379.1 339.5 525.0 531.7 540.1 524.3 572.7 515.8 540.1 
Cs-137 3 -45o 0.479 404.1 361.9 524.6 564.1 498.6 470.2 564.2 583.9 553.2 
M100 1 -45o 0.478 113.5 86.38 525.9 557.5 581.2 671.5 559.4 639.4 638.2 
M100 2 -45o 0.478 136.7 93.00 552.2 545.0 617.9 619.9 601.6 620.1 717.1 
M100 3 -45o 0.478 142.8 101.1 528.6 566.5 546.3 551.2 583.5 698.7 729.4 
M150 1 -45o 0.479 193.5 170.7 486.7 632.8 498.2 556.9 647.5 546.7 536.7 
M150 2 -45o 0.478 205.7 156.4 534.2 637.5 544.4 548.0 696.8 545.2 631.2 
M150 3 -45o 0.478 214.4 164.0 510.5 696.0 483.1 489.0 674.0 609.2 657.1 
Cs-137 1 -90o 0.479 175.4 196.7 368.0 514.0 468.7 437.9 529.8 569.3 533.3 
Cs-137 2 -90o 0.479 196.5 243.5 503.3 542.3 532.8 457.9 621.7 608.9 652.2 
Cs-137 3 -90o 0.479 197.8 259.1 486.9 578.6 476.0 419.3 615.1 680.9 668.4 
M100 1 -90o 0.479 29.16 39.02 72.78 552.8 341.7 264.9 609.7 641.8 659.1 
M100 2 -90o 0.479 29.86 36.88 69.90 541.5 348.9 247.9 655.5 633.8 744.5 
M100 3 -90o 0.479 31.61 35.67 75.87 550.6 319.8 222.2 595.3 696.3 732.9 
M150 1 -90o 0.478 46.29 63.94 116.4 556.3 348.6 287.3 690.2 579.5 603.5 
M150 2 -90o 0.478 49.45 59.78 73.86 547.9 376.1 273.7 743.9 585.4 679.6 
M150 3 -90o 0.478 51.97 64.77 116.1 589.4 319.1 244.5 707.8 646.5 711.3 
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Table A5: The average 𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔 at each slot in the dosimeter calculated for each irradiation configuration (i.e. the source and the incident 

angle of exposure) used during the calibration. 

  

Irradiation 
source 

Set Incident 
angle of 
irradiation 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #1 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #2 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #3 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  in 

slot 
position #4 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #5 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #6 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #7 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #8 
(Sv/nC) 

Average 

𝒆𝒄𝒇𝜽,𝑺
𝒍𝒆𝒏𝒔  

in slot 
position #9 
(Sv/nC) 

Cs-137 1 0o 1.289E-05 1.136E-05 9.200E-06 8.900E-06 8.713E-06 9.044E-06 8.952E-06 1.054E-05 1.113E-05 
M100 1 0o 2.462E-05 1.919E-05 1.130E-05 1.042E-05 1.090E-05 1.024E-05 2.205E-05 1.353E-05 1.700E-05 
M150 1 0o 2.261E-05 1.820E-05 1.155E-05 8.869E-06 1.223E-05 1.130E-05 1.476E-05 1.682E-05 1.676E-05 
Cs-137 1 45o 9.855E-06 8.554E-06 8.652E-06 9.177E-06 9.432E-06 9.158E-06 9.817E-06 1.251E-05 1.199E-05 
M100 1 45o 1.015E-05 9.686E-06 1.079E-05 1.191E-05 1.075E-05 9.691E-06 1.229E-05 1.892E-05 4.634E-05 
M150 1 45o 1.083E-05 1.049E-05 8.549E-06 9.176E-06 1.158E-05 1.062E-05 1.278E-05 1.949E-05 3.579E-05 
Cs-137 1 90o 7.585E-06 7.280E-06 7.723E-06 1.074E-05 1.020E-05 9.250E-06 1.143E-05 1.857E-05 2.235E-05 
M100 3 90o 5.886E-06 5.716E-06 5.977E-06 1.934E-05 1.060E-05 9.067E-06 3.360E-05 7.695E-05 1.009E-04 
M150 3 90o 7.642E-06 7.570E-06 6.401E-06 1.850E-05 1.365E-05 1.103E-05 2.644E-05 5.637E-05 7.583E-05 
Cs-137 3 -45o 1.352E-05 1.422E-05 9.838E-06 9.162E-06 9.648E-06 9.676E-06 8.977E-06 9.172E-06 9.558E-06 
M100 1 -45o 4.787E-05 6.669E-05 1.160E-05 1.116E-05 1.070E-05 1.018E-05 1.069E-05 9.538E-06 8.968E-06 
M150 3 -45o 3.197E-05 3.992E-05 1.280E-05 9.976E-06 1.287E-05 1.232E-05 9.710E-06 1.154E-05 1.081E-05 
Cs-137 1 -90o 2.290E-05 1.886E-05 9.767E-06 7.975E-06 8.833E-06 9.904E-06 7.402E-06 7.035E-06 7.088E-06 
M100 3 -90o 1.380E-04 1.122E-04 5.724E-05 7.598E-06 1.238E-05 1.709E-05 6.728E-06 6.348E-06 5.866E-06 
M150 1 -90o 9.505E-05 7.441E-05 4.785E-05 8.279E-06 1.348E-05 1.747E-05 6.546E-06 7.752E-06 7.058E-06 
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Table A6: Post-irradiation readings of the TLD elements after the irradiations performed during the testing procedure of the dosimeter. A 

total of 11 irradiations were performed, and each irradiation was performed using the randomly selected irradiation angle, irradiation source, and 

exposure magnitude.

Irradiation 
source 

Incident 
angle of 
irradiation 

Exposure 
given (R ) 

Reading of 
the TLD in 
slot #1 (nC) 

Reading of 
the TLD in 
slot #2 (nC) 

Reading of 
the TLD in 
slot #3 (nC) 

Reading of 
the TLD in 
slot #4 (nC) 

Reading of 
the TLD in 
slot #5 (nC) 

Reading of 
the TLD in 
slot #6 (nC) 

Reading of 
the TLD in 
slot #7 (nC) 

Reading of 
the TLD in 
slot #8 (nC) 

Reading of 
the TLD in 
slot #9 (nC) 

M150 45o 1.0 1119 1270 1392 1335 1071 1321 936.8 361.1 415.4 
M150 45o 1.0 1214 1208 1620 1287 1156 1217 989.1 486.8 467.3 
M150 -45o 0.1 44.45 22.41 110.5 151.1 96.63 96.74 129.2 116.7 119.3 
M100 -90o 0.1 7.099 8.056 34.13 103.6 60.81 59.58 114.7 126.3 129.3 
M100 -90o 0.1 6.237 8.033 36.01 99.24 70.82 50.87 124.8 124.1 145.4 
M100 0o 5.0 2593 3429 5066 5695 5237 5305 4212 1404 2360 
M150 0o 5.0 2752 3697 5863 6947 5793 5951 4824 3430 3700 
M150 -90o 1.0 117.5 150.7 371.4 1122 624.3 527.9 1444 1328 1414 
Cs-137 90o 1.0 1035 1284 1116 889.2 892.7 1067 787.8 492.3 372.1 
Cs-137 0o 5.0 3641 4305 5399 5127 5263 5029 4775 3875 3694 
Cs-137 45o 1.0 1123 1227 1222 1191 1048 1052 1095 890.3 929.5 
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Appendix B: Reading and Annealing LiF:Mg,Cu,P Thermoluminescent 

Dosimeter Elements With Harshaw TLD
TM

 Model 3500 Manual Reader 

Reading and annealing in a general sense refers to a process of measuring TL response 

of the TLD element and depleting the residue energy stored in the TLD element, respectively. 

Reading and annealing of TLD elements with the 3500 Manual Reader is done by placing a 

single TLD element on the heating plate inside the drawer, and then pressing the “Read” button. 

When the button is pressed, the plate heats the TLD element resulting in TL, and the light 

emitted from the TLD element is measured by a photomultiplier tube coupled with associated 

electronics which is then outputted in the reader‟s operational software, Thermo Scientific
TM

 

WinREMS
TM

, as shown in Figure B1. After measuring the emitted light, the plate continues to 

heat the TLD element for certain period of time in order to anneal the TLD element. 

The plate heating profile can be configured in the operational software, and the 

configurable parameters include: preheating temperature (temperature to which plate is heated 

before reading the TLD element), plate heating rate, duration of the read, the maximum 

temperature of the plate, and annealing duration (duration during which the TLD elements are 

held at maximum temperature for the purpose of annealing). It is crucial that these parameters 

are set appropriately for the TLD element being read as improper heating profile can damage the 

TLD element and affect its re-usability. The values to which these parameters should be set can 

be determined by the glow curve of the TLD element which describes change in intensity of the 

light emitted from the TLD element with increasing temperature. A typical glow curve of 

LiF:Mg,Cu,P is shown in Figure B2 which shows the first four peaks that occurs when 

LiF:Mg,Cu,P is heated. The first three peaks of LiF:Mg,Cu,P (peak 1, peak 2 and peak 3) are 
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low-intensity peaks that occur in the range of approximately 70-160
o
C,

[34]
 and they are followed 

by the high intensity fourth peak (peak 4) which occur at approximately 200
o
C.

[5]
 Peak 4 is the 

main peak used for dosimetry application as its intensity is higher than the other three peaks. 

The plate heating profiled used in this project had following parameters: preheating temperature 

of 165
o
C, plate heating rate of 15

o
C/s, read duration of 16.3 seconds, maximum plate 

temperature of 240
o
C, and annealing duration of 240 seconds. Preheating at 165

o
C was done to 

remove peak 1, 2 and 3 of LiF:Mg,Cu,P as these peaks are significantly affected by thermal 

fading (i.e. reduce in intensity due to thermal release of trapped charges) at room temperature. 

240
o
C was set as the maximum plate temperature because heating LiF:Mg,Cu,P above 240

o
C can 

result in permanent loss of sensitivity which would affect reproducibility of the material.
[5]

 

Figure B1: Typical data acquired by WinREMS
TM

 after reading a TLD element. The redline 

represents temperature of the heating plate during the reading process, and the curve is the 

photomultiplier tube output during the reading process. The measurement in nC shown in top left 

corner is the area under the curve. 
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Figure B2: A typical glow curve of LiF:Mg,Cu,P. Adopted from “Study of the kinetics 

parameters in LiF:Mg,Cu,P” in CIEMAT 658. 
[35]
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Appendix C: Hlens Conversion Coefficient (hlensK) 

Table C1: Hlens conversion coefficient values from Behrens and Dietze (2011).
[22]

 The 

hlensK values for M100 and M150 beam quality x-rays and Cs-137 source were interpolated 

from the hlensK values of the adjacent energies using log-log interpolation. 

         

Irradiation 

          Angle 

Energy 

 

θ = 0
o
 θ = 45

o
 θ = 90

o
 

50 keV 
hlensK = 1.472 Sv/Gy  1.457 Sv/Gy 0.964 Sv/Gy 

M100 x-ray  

(53 keV) 

1.492 Sv/Gy 1.482 Sv/Gy 0.994 Sv/Gy 

60 keV 
1.538 Sv/Gy 1.543 Sv/Gy 1.066 Sv/Gy 

70 keV 
1.569 Sv/Gy 1.560 Sv/Gy 1.110 Sv/Gy 

M150 x-ray  

(73 keV) 

1.567 Sv/Gy 1.557 Sv/Gy 1.115 Sv/Gy 

80 keV 
1.562 Sv/Gy 1.552 Sv/Gy 1.126 Sv/Gy 

100 keV 
1.501 Sv/Gy 1.515 Sv/Gy 1.118 Sv/Gy 

120 keV 
1.436 Sv/Gy 1.444 Sv/Gy 1.087 Sv/Gy 

150 keV 
1.397 Sv/Gy 1.405 Sv/Gy 1.070 Sv/Gy 

μkeV 
1.324 Sv/Gy 1.351 Sv/Gy 1.065 Sv/Gy 

240 keV 
1.300 Sv/Gy 1.320 Sv/Gy 1.058 Sv/Gy 

300 keV 
1.259 Sv/Gy 1.288 Sv/Gy 1.050 Sv/Gy 

400 keV 
1.214 Sv/Gy 1.239 Sv/Gy 1.049 Sv/Gy 

500 keV 
1.190 Sv/Gy 1.210 Sv/Gy 1.033 Sv/Gy 

600 keV 
1.178 Sv/Gy 1.197 Sv/Gy 1.035 Sv/Gy 

Cs-137 (662 keV) 
1.170 Sv/Gy 1.190 Sv/Gy 1.034 Sv/Gy 

800 keV 
1.154 Sv/Gy 1.175 Sv/Gy 1.032 Sv/Gy 
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Appendix D: MATLAB
®
 Code 

                           
Figure D1: MATLAB

®
 code written at the end of the dosimeter calibration. The code 

accepts user inputs of TLD elements‟ responses and then estimates the 𝐻𝜃,𝑆
𝑙𝑒𝑛𝑠  using the ecfs and 

the response data gathered during the calibration.
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Appendix E: Algorithm of the MATLAB
®
 Code 

The overall function of the code is to ask the user to input the response of the TLDs in the 

dosimeter after monitoring an individual, and then compare the input with the calibration data to 

determine angle and the source of the exposure. Once that is done, the code calculates the Hlens 

using the ecf acquired during the calibration procedure (Table A5) for the exposure angle and the 

source that it determined.  

Once the code is run in MATLAB
®
, it performs following algorithms: 

1. The code first imports Table A4, which contains the post-irradiation TLD response data 

acquired during the calibration, and stores the data in the table into a matrix named 

ResponseData. 

2. The code then imports Table A5, which contains the 𝑒𝑐𝑓𝜃,𝑆
𝑙𝑒𝑛𝑠 calculated with the 

response data in Table A4, and stores the data in the table into a matrix named ECCData.  

3. For each row of ResponseData, the code calculates the sum of the 3 TLD responses in 

each TLD boards, as demonstrated in Figure E1. The summed responses are stored into a 

matrix named SumResponse shown in Table E1. 

4. For each row of SumResponse, the code finds the highest summed response value of the 

row, MaxSumResponse, and divides each summed response value in the row by the 

MaxSumResponse. For instance, in the first row of SumResponse, the highest summed 

response is 𝑆𝑢𝑚𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒
2

= 1713 nC, so the code would divide each summed response 

(i.e. 𝑆𝑢𝑚𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒1, 𝑆𝑢𝑚𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒2 and 𝑆𝑢𝑚𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒3) in the first row by 1713 nC. The 

result of this operation is saved into a matrix named SumRatio shown in Table E2.  
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Figure E1: Summation of the 3 TLD responses in each TLD boards. 

  

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟏 = #𝟑 + #𝟐 + #𝟏 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟐 = #𝟔 + #𝟓 + #𝟒 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟑 = #𝟕 + #𝟖 + #𝟗 
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Table E1: Data stored in SumResponse matrix. 

Irradiation source Incident angle of 
irradiation 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟏  

(nC) 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟐  

(nC) 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟑  

(nC) 

Cs-137 0o
 1354 1713 1372 

Cs-137 0o
 1369 1680 1457 

Cs-137 0o
 1317 1585 1546 

M100 0o
 1099 1849 1127 

M100 0o
 1145 1813 1091 

M100 0o
 1159 1706 1135 

M150 0o
 1179 1915 1227 

M150 0o
 1250 1871 1293 

M150 0o
 1235 1805 1196 

Cs-137 45o
 1632 1646 1261 

Cs-137 45o
 1660 1641 1320 

Cs-137 45o
 1716 1581 1402 

M100 45o
 1808 1800 927 

M100 45o
 1842 1757 962 

M100 45o
 1845 1680 1020 

M150 45o
 1960 1937 1027 

M150 45o
 1972 1925 1103 

M150 45o
 2036 1814 986 

Cs-137 90o
 1724 1325 809 

Cs-137 90o
 1738 1316 800 

Cs-137 90o
 1730 1258 813 

M100 90o
 2088 1079 199 

M100 90o
 2152 1129 223 

M100 90o
 2173 1020 244 

M150 90o
 1928 1048 322 

M150 90o
 1980 1045 331 

M150 90o
 1978 994 322 

Cs-137 -45o
 1161 1617 1551 

Cs-137 -45o
 1244 1596 1629 

Cs-137 -45o
 1291 1533 1701 

M100 -45o
 726 1810 1837 

M100 -45o
 782 1783 1939 

M100 -45o
 773 1664 2012 

M150 -45o
 851 1688 1731 

M150 -45o
 896 1730 1873 

M150 -45o
 889 1668 1940 

Cs-137 -90o
 740 1421 1632 

Cs-137 -90o
 943 1533 1883 

Cs-137 -90o
 944 1474 1964 

M100 -90o
 141 1159 1911 

M100 -90o
 137 1138 2034 

M100 -90o
 143 1093 2025 

M150 -90o
 227 1192 1873 

M150 -90o
 183 1198 2009 

M150 -90o
 233 1153 2066 
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Table E2: Data stored in SumRatio matrix. 

Irradiation 
source 

Incident 
angle of 
irradiation 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟏

𝑴𝒂𝒙𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆
 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟐

𝑴𝒂𝒙𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆
 

𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆𝟑

𝑴𝒂𝒙𝑺𝒖𝒎𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆
 

Cs-137 0o 0.7904 1.0 0.8011 

Cs-137 0o 0.8150 1.0 0.8669 

Cs-137 0o 0.8305 1.0 0.9749 

M100 0o 0.5940 1.0 0.6094 

M100 0o 0.6316 1.0 0.6018 

M100 0o 0.6796 1.0 0.6655 

M150 0o 0.6158 1.0 0.6406 

M150 0o 0.6681 1.0 0.6911 

M150 0o 0.6841 1.0 0.6623 

Cs-137 45o 0.9916 1.0 0.7659 

Cs-137 45o 1.0 0.9887 0.7953 

Cs-137 45o 1.0 0.9210 0.8169 

M100 45o 1.0 0.9958 0.5126 

M100 45o 1.0 0.9538 0.5220 

M100 45o 1.0 0.9107 0.5526 

M150 45o 1.0 0.9883 0.5240 

M150 45o 1.0 0.9761 0.5595 

M150 45o 1.0 0.8907 0.4843 

Cs-137 90o 1.0 0.7687 0.4689 
Cs-137 90o 1.0 0.7576 0.4605 

Cs-137 90o 1.0 0.7271 0.4699 

M100 90o 1.0 0.5164 0.0951 

M100 90o 1.0 0.5248 0.1038 

M100 90o 1.0 0.4693 0.1121 

M150 90o 1.0 0.5439 0.1671 

M150 90o 1.0 0.5277 0.1670 

M150 90o 1.0 0.5024 0.1627 

Cs-137 -45o 0.7179 1.0 0.9588 

Cs-137 -45o 0.7636 0.9800 1.0 

Cs-137 -45o 0.7586 0.9010 1.0 

M100 -45o 0.3951 0.9854 1.0 

M100 -45o 0.4033 0.9195 1.0 

M100 -45o 0.3840 0.8272 1.0 

M150 -45o 0.4916 0.9752 1.0 

M150 -45o 0.4785 0.9235 1.0 

M150 -45o 0.4581 0.8597 1.0 

Cs-137 -90o 0.4534 0.8703 1.0 

Cs-137 -90o 0.5010 0.8142 1.0 

Cs-137 -90o 0.4805 0.7503 1.0 

M100 -90o 0.0738 0.6068 1.0 

M100 -90o 0.0672 0.5597 1.0 

M100 -90o 0.0707 0.5397 1.0 

M150 -90o 0.1210 0.6365 1.0 

M150 -90o 0.0911 0.5962 1.0 

M150 -90o 0.1127 0.5582 1.0 
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5. Once the SumRatio has been computed, the code calculates for each row of 

ResponseData the response ratios between the TLDs under the copper filters and the 

aluminum filters, as demonstrated in Figure E2. The response ratios are stored into a 

matrix named AlCuRatio shown in Table E3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E2: Response ratios between the TLDs under the copper filters and the aluminum 

filters. 
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Table E3: Data stored in AlCuRatio matrix. 

Irradiation 
Source 

Incident angle of 
irradiation 

𝑨𝒍𝑪𝒖𝑹𝒂𝒕𝒊𝒐𝟏 𝑨𝒍𝑪𝒖𝑹𝒂𝒕𝒊𝒐𝟐 𝑨𝒍𝑪𝒖𝑹𝒂𝒕𝒊𝒐𝟑 

Cs-137 0o 0.7779 1.0305 0.7594 

Cs-137 0o 0.6713 1.0514 0.7959 

Cs-137 0o 0.6981 0.8853 0.8667 

M100 0o 0.4788 1.0520 1.0630 

M100 0o 0.4325 1.0902 1.3323 

M100 0o 0.4666 0.9244 1.5343 

M150 0o 0.5463 0.8346 0.9990 

M150 0o 0.4808 0.8510 0.7346 

M150 0o 0.5075 0.6861 0.9114 

Cs-137 45o 0.8679 1.1034 0.7908 

Cs-137 45o 0.8485 1.0367 0.8051 

Cs-137 45o 0.9203 0.8843 0.8671 

M100 45o 1.0280 1.3605 0.2592 

M100 45o 1.0021 1.2822 0.2689 

M100 45o 1.1659 1.0718 0.2686 

M150 45o 0.7558 0.9204 0.4315 

M150 45o 0.7794 0.8838 0.4442 

M150 45o
 0.8372 0.7981 0.2574 

Cs-137 90o 1.1294 1.2186 0.4798 

Cs-137 90o 0.9267 1.2544 0.5182 

Cs-137 90o 1.0107 1.0259 0.5389 

M100 90o 0.9916 2.8485 0.3236 

M100 90o 0.9521 1.8421 0.2999 

M100 90o 1.1099 1.8050 0.3858 

M150 90o 0.8193 1.8937 0.2948 

M150 90o 0.8009 1.9305 0.3217 

M150 90o 0.8956 1.2691 0.4444 

Cs-137 -45o 0.6973 1.0402 0.9000 

Cs-137 -45o 0.7221 0.9861 0.9431 

Cs-137 -45o 0.7703 0.8335 0.9805 

M100 -45o 0.2158 1.2045 1.1409 

M100 -45o 0.2476 1.1374 1.1920 

M100 -45o 0.2701 0.9730 1.2500 

M150 -45o 0.3976 0.8801 0.8289 

M150 -45o 0.3851 0.8596 0.9059 

M150 -45o 0.4200 0.7026 0.9749 

Cs-137 -90o 0.4766 0.8519 1.0066 

Cs-137 -90o 0.3904 0.8444 1.0491 

Cs-137 -90o 0.4062 0.7247 1.0867 

M100 -90o 0.4007 0.4792 1.0810 

M100 -90o 0.4272 0.4578 1.1358 

M100 -90o 0.4166 0.4036 1.2311 

M150 -90o 0.3977 0.5164 0.8744 

M150 -90o 0.6695 0.4995 0.9136 

M150 -90o 0.4476 0.4148 1.0049 
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6. The code then prompts the user to input the response of the TLDs in the dosimeter after 

monitoring an individual. Once the code receives the response of the TLDs from the user, 

it repeats the procedure #3 and #4 above to calculate InputSumRatio by substituting 

ResponseData with the input TLD response, and repeats the procedure #5 to calculate 

InputAlCuRatio. 

7. The code then compares each row of SumRatio with the InputSumRatio and finds the row 

in SumRatio that best resembles the InputSumRatio. This is done by pdist2 function of the 

MATLAB
®
 which plots each row of SumRatio and the InputSumRatio as vectors 

originating from the same point, and then calculates the distance between the endpoints 

of the SumRatio vectors and the InputSumRatio vector. The code finds the SumRatio 

vector whose distance from the InputSumRatio vector is the smallest, and then outputs the 

irradiation angle associated with the row in SumRatio corresponding to that vector. For 

instance, if the code determines that endpoint of the vector corresponding to the 4
th

 row 

in SumRatio (Table E2) is closest to the InputSumRatio, it will output the irradiation 

angle associated with the 4
th

 row, which is 0
o
. 

8. Similarly, the code also compares each row of AlCuRatio with the InputAlCuRatio using 

the pdist2 function and finds the row in AlCuRatio that best resembles the 

InputAlCuRatio. Once the code finds the AlCuRatio vector whose distance from the 

InputAlCuRatio vector is the smallest, it outputs the irradiation source that is associated 

with the row in AlCuRatio corresponding to that vector. For instance, if the code 

determines that endpoint of the vector corresponding to the 3
rd

 row in AlCuRatio (Table 

E3) is closest to the InputAlCuRatio, it will output the irradiation source that is associated 

with the 3
rd

 row, which is Cs-137. 
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9. After determining the irradiation angle and source in procedure #7 and #8, the code 

determines the highest of the input response of the TLDs under the PLA filter (i.e. 

response of the TLD in position #2, #5 and #8 shown in Figure 3.1). Then, the code 

estimates the Hlens as: 

𝐻𝜃,𝑆
𝑙𝑒𝑛𝑠 = 𝑒𝑐𝑓𝜃,𝑆

𝑙𝑒𝑛𝑠 ∗ 𝑇𝐿𝐷𝜃,𝑆                                                         (C2.1) 

Where 𝑇𝐿𝐷𝜃,𝑆 is the highest TLD response determined by the code, and 𝑒𝑐𝑓𝜃,𝑆
𝑙𝑒𝑛𝑠 is the 

ecf of the TLD element of that response for the irradiation angle, θ, and the source, S, 

outputted by the code in procedure #7 and #8. 
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