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Abstract 

An optimized recipe for a radiochromic micelle (RM) leuco-crystal violet (LCV) gel dosimeter was 

proposed using full-factorial designed experiments and model-based optimization. Linear regression 

models were used to optimize gel recipes with regard to high dose sensitivity (DS) and minimal dose-rate 

dependence. The proposed gel recipe contains 35 mM cetyltrimethylammonium bromide (CTAB), 1.10 

mM LCV, 173 mM 2,2,2-trichloroethanol (TCE), 25 mM trichloroacetic acid (TCAA), 96 wt% water and 

4 wt% gelatin. Results from replicate cuvette experiments showed that the proposed gel recipe is dose-rate 

independent and has an average DS equal to 0.0141 Gy-1 cm-1. No statistically significant energy-

dependence was observed in cuvette experiments involving 12 MeV electrons and 6 MV photons. 

Preliminary 3-D dosimetry experiments were conducted in 1 L jars to study dose responses of the proposed 

recipe in large phantoms. The DS was 0.0110 Gy-1 cm-1 for a 1 L phantom irradiated with 12 MeV electrons, 

and 0.0115 Gy-1 cm-1 for a 1 L phantom irradiated with 6 MV photons. Further work on 1 L phantoms is 

required to test gel reproducibility and the statistical significance of any dose-rate dependent or energy-

dependent behavior.  

A systematic study was performed testing the reusability and reproducibility of the optimized gel 

recipe. A large batch of gel material was made from replicates that were previously irradiated to doses up 

to 30 Gy. Three iterations of gel re-use were performed to study the effects of gel dosimeter recycling on 

initial background colour, DS and dose-rate-dependence. A statistically significant linear increase in 

background colour suggests that the proposed gel dosimeter might be suitable for storing and administering 

incremental radiation doses.  An apparent upward trend in DS with gel re-use was observed, which suggests 

that RM LCV gel dosimeters could benefit from a pre-irradiation step to help improve dosimeter sensitivity. 

Minor dose-rate dependent behavior was observed after multiple gel re-uses; however, no significant 

behavior was observed at the 95% confidence level. Additional testing on 1 L phantoms is required to 

determine the clinical relevance and reusability potential of the proposed gel dosimeter. 
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Chapter 1 

Introduction 

According to the 2018 Canadian Cancer Statistics, an estimated 200,000 new cancer cases 

were diagnosed among Canadians in 2017 (Canadian Cancer Statistics Advisory Committee, 

2018).  Although an increasing number of Canadians are surviving longer after their initial 

diagnosis, cancer continues to be the leading cause of death in Canada. It is expected that nearly 1 

in 2 Canadians will be diagnosed with cancer within their lifetime and approximately 1 in 4 

Canadians will die of cancer (Canadian Cancer Statistics Advisory Committee, 2018). There are 

several different types of treatment methods that are used to cure and control cancer within patients. 

The three main treatment methods are radiation therapy, chemotherapy, and surgery, where 

radiation therapy accounts for nearly 50% of all patients (Schreiner, 2015). Radiation therapy uses 

high doses of radiation to damage DNA in cancer cells to prevent them from dividing and growing 

(National Cancer Institute, 2019).  

Radiotherapy procedures involve either internal radiation delivery or external (beam) 

delivery. Internal radiation therapy treats cancer by placing a radioactive source into the body. The 

most common type of internal radiation therapy is brachytherapy, which places a radioactive 

material directly into or adjacent to a tumour (Podgorsak, 2019). Radioactive implants used for 

brachytherapy come in a variety of different forms such as capsules and small seeds (Canadian 

Cancer Society, 2019). The time period where the radioactive source remains in the body depends 

on the type of implant (and the type of cancer). Some implants are placed in the body for minutes, 

while others remain in the body permanently (Canadian Cancer Society, 2019).  

External beam radiation therapy uses a machine to direct a beam of high-energy particles 

at a cancerous tumour within the body (National Cancer Institute, 2019). Most external beam 

radiotherapy procedures are carried out using photon beams, however some procedures use electron 
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beams, and a small fraction use less-common particle beams like protons, heavier ions or neutrons 

(Podgorsak, 2019). The two origins of photon beams are γ-rays and x-rays. Both forms of ionizing 

radiation are similar, with the exception of their generation source. Gamma rays originate from 

radioactive nuclei and x-rays are machine-produced as needed (Rad Source Technologies, Inc., 

2019; Podgorsak, 2019). The experimental work presented in this thesis uses photon-beam external 

radiation therapy to irradiate the majority of the samples.  A few irradiations of large 1-L phantoms 

use electron-beams.  

A clinical linear accelerator (LINAC) is an intricate radiotherapy machine that is able to 

deliver high-energy photon or electron beams to the body (see Figure 1.1). The machine contains 

numerous built-in safety measures and it is routinely checked to ensure that it is working properly. 

For accurate radiation delivery, LINACs contain various moving parts that can properly control the 

size, direction and duration of the radiation beam. The customized beam is shaped by a multileaf 

collimator that is located in the head of the machine. The patient lies on the treatment couch that 

can move in three dimensions (up/down, left/right and in/out). The high-energy x-ray beam exits 

the moving part of the accelerator, which can deliver radiation to the tumour from many angles by 

rotating around the patient (Radiological Society of North America, 2019). Typical clinical 

radiation doses range between 1-2 Gy up to as high as 12 Gy for some types of external-beam 

radiation treatments (Zelefsky et al., 1998).  

With a variety of complex external radiation therapy techniques (e.g., three-dimensional 

conformal radiation therapy (3D-CRT) and intensity-modulated radiation therapy (IMRT)) 

delivered by LINACs and other sources of radiation beams, it is crucial to ensure that the correct 

3-D radiation dose is delivered to the correct location within the patient (Wuu, 2015; Ibbott et al., 

2006). If the dose delivered to the tumour is too low, the treatment is ineffective. If the dose 

delivered to the surrounding healthy tissue is too high, unnecessary harm is caused to the patient. 

As a result, careful patient-specific quality assurance (QA) measures and QA of radiotherapy 

equipment are required to validate the steps in modern radiation dose delivery (Johansson et al., 
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1997; De Wagter, 2004; Schreiner, 2017). Radiation dosimeters are devices used by medical 

physicists to provide accurate measurements of the amount of radiation delivered by radiotherapy 

equipment. These devices are irradiated in place of patients to confirm that the equipment delivers 

the correct radiation dose and shape to the planned location. 

 

Figure 1.1: Clinical linear accelerator (LINAC). Image adapted from (Canadian Cancer Society, 2019). 

 

Traditional one-dimensional point dosimeters such as ion chambers and two-dimensional 

(2-D) dosimeters such as film provide limited information about the spatial distribution of the 

absorbed radiation dose (Baldock et al., 2010). However, 3-D dosimeters are particularly attractive 

for providing spatial data as they have the capability of storing information about the absorbed dose 

in 3-D as it changes over time.  

1.1 Dosimeter chemistry 

The concept of a gel-based 3-D dosimeter for chemical measurement of radiation was first 

introduced in 1950 (Day & Stein, 1950; Wuu, 2015). Since then, several different types of 3-D gel 

dosimeters have been used for clinical applications, such as Fricke-gel, polymer-gel, and 

radiochromic micelle (RM) gel dosimeters (see Figure 1.2) (Baldock et al., 2010; Schreiner, 2015; 
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Baldock, 2009). Some gels such as the original Fricke gel (without xylenol orange) rely on other 

types of imaging techniques including magnetic resonance imaging (MRI), x-ray computed 

tomography (CT), or ultrasound to read-out the 3-D radiation dose information.  The three types of 

gel dosimeters shown in Figure 1.2 can all accommodate dose readout by optical CT. This type of 

readout is favoured because optical CT scanners are cheaper and more accessible in clinical settings 

than MRI or x-ray systems (Doran, 2009; Nasr et al., 2015; Oldham et al., 2003; Olding et al., 

2011; Vandecasteele et al., 2011). The gel dosimeters shown in Figure 1.2 all rely on an aqueous 

solution with a reporter molecule (which responds to radiation) embedded in a gel matrix (i.e. 

gelatin) designed to ensure spatial stability of the dose information. The three types of gel 

dosimeters shown in Figure 1.2 rely on different reporter molecules that change chemical structure 

when they react with free radicals generated by the interaction of ionizing radiation with the 

dosimeter contents (mainly free radicals produced from radiolysis of water). Because of their 

different optical properties, the three types of gel dosimeters in Figure 1.2 are read out using 

different wavelengths of light (i.e. Fricke xylenol orange (FX) gels are read out using a 585 nm 

laser, polymer gels are typically read out using a 532 nm laser, and RM leuco-crystal violet (LCV) 

gels are read out using a 590 nm laser) (Davies & Baldock, 2008; Oldham et al., 2001). 

 

Figure 1.2: Three different types of 3-D gel dosimeters used of optical CT readout. (left) Fricke xylenol 

orange gel dosimeter. (centre) Polyacrylamide polymer gel dosimeter. (right) Radiochromic micelle LCV gel 

dosimeter. Photos provided by (Schreiner, 2015). 



 

5 

 

Fricke gel dosimeters contain ferrous ions (Fe2+) that oxidize to ferric ions (Fe3+) by losing 

an electron after reaction with a free radical. Xylenol orange (XO), which is a metal ion indicator, 

produces a colour change related to the concentrations of ferrous and ferric ions. Oxidized Fe3+ ions 

bind to XO forming a 1:1 coloured complex (XO-Fe3+) with a peak absorbance at a wavelength of 

585 nm (Davies & Baldock, 2008). As higher doses of radiation are administered to the gel 

phantom, more free radicals are produced, which increases the concentration of ferric ions and 

causes further optical attenuation. Unfortunately, Fricke-type gel dosimeters have poor temporal 

stability (storing 3-D information for only ~2 hours post-irradiation), because XO-Fe3+ complexes 

diffuse relatively quickly through the aqueous gelatin matrix (Baldock, 2009; Schulz et al., 1990).  

Polymer gel dosimeters are produced from monomers and crosslinking agents, which are 

dissolved in a mixture of water and gelatin. Water free radicals initiate polymerization and 

crosslinking, leading to the formation of precipitated opaque polymer particles (Baldock et al., 

2010). The number of polymer particles produced per unit volume of gel is related to the absorbed 

radiation dose. Unlike the XO-Fe3+ complexes in Fricke gel dosimeters, the polymer particles 

cannot diffuse appreciably, resulting in improved temporal and spatial stability.  Unfortunately, the 

precipitated polymer particles scatter light, which complicates the dose image reconstructions 

obtained using optical CT readout (Bosi et al., 2009; Dekker et al., 2017; Granton et al., 2016; 

Olding et al., 2010).  

RM gel dosimeters mainly consist of a radiation-sensitive leuco-dye, water and gelatin. 

The preferred leuco-dyes for the manufacturing of RM gel dosimeters (i.e., LCV and leuco-

malachite green (LMG)) have limited solubility in water, so a surfactant is added to solubilize the 

hydrophobic leuco-dye molecules. Several surfactants have been tested in RM gel dosimeters, 

including: Triton X-100 (Tx100), Tween 20, CHAPS, deoxycholic acid, sodium dodecyl sulphate 

(SDS), cetyltrimethylammonium chloride (CTAC), and cetyltrimethylammonium bromide 

(CTAB) (Jordan & Avvakumov, 2009; Nasr et al., 2015; Xie et al., 2016). CTAB, which is the 

surfactant used in the current study, has resulted in gels with promising properties, including low 
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initial gel colour (i.e. initial absorbance, A0) prior to irradiation (Nasr et al., 2015). Common RM 

gel dosimeter recipes include trichloroacetic acid (TCAA) to control pH (Jordan & Avvakumov, 

2009; Vandecasteele et al., 2011) and 2,2,2-trichloroethanol (TCE) as a sensitizing agent to 

improve dose sensitivity (DS) (Nasr et al., 2015; McLaughlin, 1970). 

RM gel dosimeters have shown superior temporal and spatial stability compared to Fricke 

gel dosimeters and have fewer problems with less light scattering and artefacts compared to 

polymer gel dosimeters.  The main drawback of RM gel dosimeters, as shown in Figure 1.3, is that 

their sensitivity to typical clinical doses is approximately 10 times lower than Fricke gel dosimeters 

(Babic et al., 2009). DS is the slope of a plot of the change in optical attenuation coefficient (ΔμA, 

typically in cm-1) versus absorbed radiation dose (in Gy, where 1 Gy = 1 J kg-1). High DS usually 

corresponds to improved dosimeter accuracy.  

 
Figure 1.3: Dose response of typical Fricke gel dosimeters (dashed line) and LCV RM gel dosimeters 

(solid line) (Babic et al., 2009). Dose sensitivity is the slope of the dose response. 

 

Problems with dose-rate behavior (i.e. different dose sensitivities depending on whether 

the radiation dose is added slowly or quickly) were noted in tests conducted by Nasr et al. on a RM 

LCV gel dosimeter that they had optimized to achieve high DS. Nasr et al. determined that the ratio 

in dose sensitivities when their best gel was irradiated at 100 and 600 cGy min-1 was SR = 
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DS600/DS100 = 1.2. This value is significantly higher than the desired value of 1.0, which would 

be obtained if the gel was dose-rate independent (Nasr et al., 2015). This unfortunate result was 

somewhat unexpected as previous RM LCV gel dosimeters developed by Babic and Jordan 

displayed no noticeable dose-rate dependence (Babic et al., 2009; Nasr et al., 2015). Nasr et al. 

also noticed that some recipes containing high concentrations of LCV resulted in undesirable turbid 

(cloudy) gels that are unsuitable for optical readout. Other gel recipes containing high 

concentrations of CTAB resulted in undesirable, viscous mixtures during the gel manufacturing 

process. 

1.2 Thesis outline and objectives 

The main objectives of the research in this thesis are to: 

i) Explore the range of recipes that result in readily manufacturable and usable RM 

LCV gel dosimeters. 

ii) Assess the reproducibility of dosimeter responses through uniform irradiation of 

RM LCV gel cuvettes. 

iii) Use design of experiments (DOE) methods and empirical models to find the best 

recipe within the permissible range to achieve high DS and low dose-rate 

dependence by comparing gels irradiated at 100 cGy min-1 and 600 cGy min-1. 

iv) Perform preliminary tests of the effectiveness of the proposed best recipe for 3-D 

dosimetry in 1 L phantoms. These tests will determine dosimeter sensitivity, dose-

rate dependence and energy dependence. 

v) Perform preliminary tests to explore the reusability of the proposed best gel.  

The remainder of this thesis is organized as follows. Chapter 2 describes an exploration of 

the range of recipe conditions that lead to usable gels. This chapter also provides information about 

gel-response reproducibility, based on results from replicate experiments using several different 
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recipes. Results from designed experiments and corresponding empirical models of DS, A0 and the 

sensitivity ratio (SR) are also presented in Chapter 2. Results from initial 3-D testing of the 

optimized gel recipe in 1 L phantoms are presented at the end of Chapter 2. Chapter 3 contains a 

preliminary study assessing the potential for melting, remixing, and re-using previously irradiated 

RM LCV gels. Finally, conclusions and recommendations are provided in Chapter 4.  
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Chapter 2 

Leuco-crystal violet gel dosimeters: Recipes with higher dose 

sensitivities and improved dose-rate responses 

2.1 Chapter summary 

An improved RM LCV gel dosimeter recipe is proposed using designed experiments and 

model-based optimization techniques. The range of recipes that result in readily manufacturable 

RM LCV gel dosimeters are explored. Upper concentration limits that are suggested for CTAB, 

LCV, and TCE are 50 mM, 1.25 mM, and 270 mM, respectively. Recipes containing ingredient 

concentrations exceeding these limits resulted in poor optical properties or manufacturing 

problems. The reproducibility of dosimeter responses was assessed through uniform irradiation 

experiments in cuvettes. Pooled variances for A0, DS and SR were calculated using replicates. The 

recipe for the optimized RM LCV gel dosimeter contains 35 mM CTAB, 1.10 mM LCV, 173 mM 

TCE, 25 mM TCAA and 4 wt% gelatin. The dose sensitivity of the proposed recipe is ~2 times 

higher than the RM LCV recipe developed by Babic et al. (2009). Preliminary 3-D dosimeter 

experiments are conducted in 1 L phantoms to test for energy-dependent and dose-rate-dependent 

behavior. Dosimeter behavior was similar for 12 MeV electron and 6 MV photon beams. The dose 

sensitivity at 100 cGy min-1 is 0.0110 Gy-1 cm-1 for the 1 L phantom irradiated with electrons, and  

0.0115 Gy-1 cm-1 for the 1 L phantom irradiated with photons. Some dose-rate dependence was 

detected in these preliminary 3-D experiments. Replicates are required to confirm these results.   
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2.2 Introduction 

Modern radiation delivery methods such as 3D-CRT and IMRT are complex (Ibbott et al., 

2006). As a result, careful quality assurance is required to ensure that the correct radiation dose is 

delivered to the correct location (Schreiner, 2015). Measurable chemical changes in gel dosimeter 

phantoms that result from absorbed radiation are used to verify 3-D dose distributions. 3-D 

dosimeters are particularly useful during commissioning of new treatment systems in cancer clinics 

and for end-to-end quality assurance of complex treatment plans (Schreiner, 2017; De Wagter, 

2004). In these situations, 3-D gel dosimeters are particularly attractive compared to traditional 

single-point and 2-D dosimetry techniques because they have the capability of storing information 

about the detailed spatial distribution of the absorbed radiation dose and how it changes over time 

(Baldock et al., 2010).  

Several different types of 3-D gel dosimeters have been proposed based on different 

chemistries (Baldock C, 2009; Gore et al., 1996; Jordan & Avvakumov, 2009), with dosimeter 

recipes and manufacturing methods improving over time to achieve improved accuracy and ease 

of use for clinical applications (Babic et al., 2008, 2009; Baldock et al., 2010). Desirable 

characteristics of gel dosimeters include: accurate and precise read-out at various dose levels, 

temporal and spatial stability post-irradiation and easy read-out using readily available equipment 

(De Wagter, 2004). It is also crucial for dosimeters to be safe to use in the clinic, to have a relatively 

low manufacturing cost and to rely on ingredients that are readily available. Gel dosimeters should 

be sensitive to typical clinical radiation doses, with the magnitude of the response dependent on the 

total amount of radiation absorbed, but independent of whether the dose is added slowly or quickly 

(De Deene, 2004; De Deene et al., 2006). 

Since the seminal gel dosimetry experiments of Gore et al., who used nuclear magnetic 

resonance (NMR) to measure chemical changes in Fricke dosimeter solutions,  gel dosimeters have 

been developed that rely on Fricke gels, polymer gels, and radiochromic micelle gels (Baldock C, 
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2009; Gore et al., 1984). All three types can accommodate dose readout by optical CT. Some gel 

dosimeters also use magnetic resonance imaging (MRI), x-ray CT or ultrasound readout. Optical 

CT is advantageous because it provides accurate results using optical scanners that are cheaper and 

more convenient or accessible in many clinics than MRI or x-ray CT systems (Doran, 2009; Nasr 

et al., 2015; Oldham et al., 2003; Olding et al., 2011; Vandecasteele et al., 2011). The main 

drawback of optical CT readout is that it requires a transparent phantom container with appropriate 

radial symmetry to reduce artefacts (Oldham & Kim, 2004).  

Fricke (also called ferrous sulfate) dosimetry solutions, were originally unsuitable for 

optical readout. Bero et al. added xylenol orange to the Fricke solution so that the gel would 

undergo a radiation-induced colour change, making Fricke gels suitable for readout using optical 

CT (Bero et al., 1999). Xylenol orange is a chelating agent for ferrous and ferric ions, which 

changes from yellow to orange-purple as more ferric ions are produced. Fricke gel dosimeters are 

inexpensive, largely free of dose-rate dependence (Olsson et al., 1989) and have been successfully 

used to verify radiation therapy treatment plans in experimental and clinical settings (Alexander et 

al., 2017; Soliman et al., 2017). However, due to the fast diffusion of ferrous/ferric ions, current 

Fricke-type gel dosimeters only retain a spatially stable dose distribution for up to two hours 

following irradiation, complicating the readout process (Baldock, 2009; Schulz et al., 1990). 

Prior to the development of FX gel dosimeters, the only gel dosimeters suitable for optical 

readout were polymer gel dosimeters (Gore et al., 1996). These dosimeters typically consist of 

monomers and crosslinking agents dissolved in a hydrogel matrix (Baldock et al., 2010). The 

monomer and crosslinker undergo radiation-induced free-radical polymerization and precipitate, 

leading to the formation of small polymer particles within the gel matrix that cause the gel to 

become more opaque. The benefit of polymer gel dosimeters, compared with FX gel dosimeters, is 

that polymer gels have better spatial and temporal stability. Diffusion of the precipitated polymer 

particles within the gel matrix is negligible so that dose information can be preserved for several 

weeks or months (De Deene et al., 2002). The main drawback of using polymer gel dosimeters for 
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optical-CT readout is that the polymer particles are detected because they scatter light (Baldock et 

al., 2010). Higher radiation doses lead to the formation of additional precipitated polymer particles, 

which result in more light scattering and larger changes in the optical attenuation coefficient 

(Dekker et al., 2017). Multiple scattering in polymer gel dosimeters results in considerable 

complexity during gel readout, including ‘cupping’ artefacts in the dose image reconstructions 

(Bosi et al., 2009; Dekker et al., 2017; Granton et al., 2016; Olding et al., 2010). Other drawbacks 

of polymer gel dosimeters include long development times and edge enhancement due to monomer 

diffusion (Baldock et al., 2010). 

The third and most recently developed class of gel dosimeters is RM gel dosimeters. These 

dosimeters consist of radiation-sensitive dyes dispersed in micelles within a hydrogel network 

(Babic et al., 2009; Jordan & Avvakumov, 2009; McAuley & Nasr, 2013). The radiation-sensitive 

dye molecules change colour upon irradiation, with more intense colour associated with higher 

absorbed radiation doses. The hydrophobic dye molecules are attracted to the hydrophobic core of 

the micelles instead of remaining free in the aqueous phase where they could readily diffuse (Babic 

et al., 2009; Jordan & Avvakumov, 2009; Nasr et al., 2015; Vandecasteele et al., 2011; Jordan et 

al., 2017). As a result, spatial stability of RM gel dosimeters is better than that of FX gel dosimeters, 

with spatial dose information preserved for several days after irradiation (Babic et al., 2009).  Two 

different dyes have been used in the development of RM gel dosimeters: leuco-crystal violet (LCV) 

and leuco-malachite green (LMG). The prefix leuco- (originating from Greek leukos meaning white 

or lacking colour) indicates that they are initially colourless. The radiation-induced colour change 

is due to oxidation of leuco-dyes by halogen radicals (Vandecasteele et al., 2011). LCV gels are 

preferable to LMG gels because LCV is more hydrophobic and more attracted to the core of the 

micelles.  The micelles are much larger (1-4 nm radius (Saxena et al., 1998)) than individual leuco-

dye molecules and therefore diffuse much more slowly through the gel phantom (Babic et al., 2009; 

De et al., 2002; Jordan & Avvakumov, 2009; Xie et al., 2016).  As a result, LCV gels exhibit 

improved spatial stability compared to LMG gels.  LCV is also preferable to LMG because the 
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colour of irradiated LCV solutions fades more slowly than the colour of irradiated LMG solutions, 

leading to better temporal stability (De et al., 2002).  

Jordan and coworkers developed the first RM gel dosimeters (Babic et al., 2009; Jordan & 

Avvakumov, 2009).  Their LCV micelle gel dosimeter is dose-rate independent and has a dose 

sensitivity in the range of 0.006 to 0.008 Gy-1 cm-1 (compared with ~0.100 Gy-1 cm-1 for a typical 

FX gel)(Babic et al., 2008, 2009). Studies conducted by Nasr et al. and Xie et al. adjusted the initial 

recipe developed by Babic and Jordan to obtain more sensitive gels. Changes to the manufacturing 

process were also proposed to reduce the time and effort required for gel preparation (Nasr et al., 

2015; Xie et al., 2016). The effects of concentrations of gel ingredients (i.e., LCV, surfactant, 

trichloroacetic acid and possible sensitizing agents) on DS were explored using systematic DOE 

techniques (Nasr et al., 2015; Xie et al., 2016). Nasr et al. showed that increasing the concentration 

of Tx100, the surfactant used by Babic and Jordan, improved DS but, unfortunately, led to gels 

with large values of A0, the initial absorbance prior to irradiation (Nasr et al., 2015). Low A0 is 

desirable so that colour changes caused by irradiation are large compared to the background colour. 

Formal DOE methods were used because they enabled the development of empirical models to 

predict DS and A0 from dosimeter composition.  Linear regression models of the form:  

 𝑌 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3 + 𝛽23𝑥2𝑥3 + 𝜀 (2.1) 

were then used to aid recipe optimization.  In equation (2.1), Y is the measured response of interest 

(e.g., DS or A0), βi are model parameters and xi (i = 1, 2, 3) are scaled concentrations of surfactant, 

LCV and sensitizing agent, respectively. ε is the random measurement error. Parameter estimates 

in the models were used to determine improved gel recipes by selecting ingredient concentrations 

that maximize the objective function: 

 𝐽 =  𝜔𝐷𝑆 − 𝐴0 (2.2) 

where 𝜔 is a positive weighting factor. Nasr et al. considered three different surfactants (Tx100, 

SDS, CTAB) and showed that gels containing high concentrations of Tx100 were associated with 



 

18 

 

high A0. They found that the recipe reported by Babic and Jordan is nearly optimal for the recipe 

ingredients considered (i.e., using Tx100, LCV, trichloroacetic acid (TCAA), gelatin and water).  

No significant improvement in DS is possible without a corresponding undesirable increase in A0.   

Nasr’s new gels manufactured using CTAB as the surfactant had no noticeable initial 

colour (i.e., low A0) but, unfortunately had low DS (e.g., ~0.006 Gy-1 cm-1) compared to the LCV 

gel reported by Babic and Jordan (Nasr et al., 2015).  To address the sensitivity problem, Nasr et 

al. added halogenated organic compounds to their gel recipes, because such species are known to 

improve DS. An example of this result was reported for dosimeter solutions containing leuco-dyes 

and carbon tetrabromide (McLaughlin, 1970). Three compounds were evaluated for their 

effectiveness and 2,2,2-trichloroethanol (TCE) was selected for further study because of its high 

water solubility, low toxicity, low volatility and low cost (Nasr et al., 2015).  Nasr et al. used a full-

factorial DOE to develop an improved gel recipe containing LCV, CTAB, gelatin, TCAA and TCE, 

obtaining a promising DS of 0.010 Gy-1 cm-1. However, problems with the dose-rate dependence 

of this new gel were discovered in tests involving large phantoms.  

Xie et al. performed a series of designed experiments to modify Nasr’s gel recipe (by 

altering the concentrations of LCV, TCE and CTAB) to alleviate the problem of dose-rate 

dependence. Figures 2.1a) and 2.1b) show the dose response of one of Xie’s gels using two different 

dose rates, 100 cGy min-1 and 600 cGy min-1, respectively. As shown in Figures 2.1a) and 2.1b), 

DS can be determined in two ways, by forcing the fitted line through the origin (dotted line) or by 

treating the y-intercept as a parameter to be estimated (solid line). Xie et al. opted to force the fit 

through the origin.  They used the resulting slopes from the 100 and 600 cGy min-1 experiments to 

compute the sensitivity ratio: 

 𝑆𝑅 = 𝐷𝑆(600)/𝐷𝑆(100) (2.3) 

with SR close to unity being a desired response. For Xie’s centre-point replicate corresponding to 

Figures 2.1a) and 2.1b), SR=1.21, which is significantly larger than unity. Figure 2.1c) shows SR 
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obtained for 10 replicate centre-point gels, confirming that this recipe leads to a significant dose-

rate dependence. Figure 2.1d) shows a desirable low A0 for these replicate gels. Preliminary efforts 

were made to address the issue of dose-rate dependence. Experimental data from 12 different 

recipes were used to fit empirical models corresponding to equation (2.1) with Y = DS, A0 and SR. 

 

  

Figure 2.1: DS comparison for data from DOE at (a) 100 cGy min-1 (b) 600 cGy min-1. (c) Plot of the SR for 

Xie’s centre-point replicates where y = 1 represents unity, (d) plot of A0 for centre-point replicates (Xie et 

al., 2016). 

Recipe optimization was achieved by selecting ingredient concentrations that minimize the revised 

objective function: 

 𝐽 =  −𝐷𝑆(100) + 𝜔1𝐴0 + 𝜔2(𝑆𝑅 − 1)2 (2.4) 
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where ω1 and ω2 are positive weighting factors selected to reflect the relative importance of DS, 

𝐴0, and SR, respectively. Notice that equation (2.4) contains an extra term involving SR, compared 

to equation (2.2). This term will cause the optimizer to select gel recipes with SR near unity. Some 

recipes with high LCV resulted in somewhat cloudy gels prior to irradiation. These gels had a 

significantly higher A0 than the values shown in Figure 2.1d). We attribute this cloudiness to 

precipitation of a portion of the LCV (or some other recipe component). Using equation (2.4), a 

promising gel recipe was determined that was nearly dose-rate independent (SR ≈ 1.04), had a low 

A0 (A0 ≈ 0.047 cm-1) and higher DS (DS ≈ 0.0126 Gy-1 cm-1) than previous micelle gel dosimeters 

(Xie et al., 2016).  This optimal gel was produced using a recipe with [CTAB] = 33 mM and [LCV] 

= 1.25 mM, which are at the highest concentrations of these species used by Xie et al. 

The objectives of this chapter are to: i) explore the range of recipe conditions where RM 

LCV dosimeters can be produced while avoiding problems with gel turbidity and manufacture; ii) 

use new experiments and improved empirical models to find the best gel recipe within this extended 

operating range; iii) perform preliminary tests of the effectiveness of this new recipe for 3-D 

dosimetry. The remainder of this chapter is organized as follows.  First the experimental methods 

are described, including a revised gel-manufacturing procedure that readily permits production of 

gels with substantially higher concentrations of CTAB than could be accommodated using prior 

methods (Nasr et al., 2017). Next, results are shown for multiple factorial designed experiments 

with three factors (i.e. CTAB, LCV, and TCE ingredient concentrations) that are set at high and 

low values (Montgomery et al., 2007). Replicate experiments are also performed at the centre-

points of the design space (i.e. at the midpoints between the high and low values). Information 

gained from these designed experiments is used to select additional gel recipes so that the 

boundaries of the permissible operating region can be visualized, and an optimal gel recipe can be 

found. Finally, preliminary experiments involving 1 L phantoms of the optimized gel are described 

and results of the dose sensitivity, dose-rate dependence and energy-dependence are shown.  
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2.3 Materials and methods 

2.3.1  Gel manufacturing procedure 

A revised procedure for gel manufacture is provided in Table 2.1. The gel preparation 

method is similar to the procedure of Xie et al., except for the redistribution of deionized water 

between beakers and the order in which ingredients are added and mixed. Because larger 

concentrations of CTAB, LCV, and TCE were included in some gel recipes, extra deionized water 

is used in beaker B to completely dissolve the ingredients. To maintain the desired overall water 

content, less water is used in beaker A to dissolve the gelatin. 

Table 2.1: Proposed gel manufacturing process 

Steps Manufacturing Instructions 

1 

Slowly add gelatin (Type A, 300 Bloom porcine skin, Sigma-Aldrich, Oakville, ON, Canada) 

to 55 wt% of the total deionized water preheated to 60 °C (in beaker A). Stir until gelatin 

dissolves completely and a final temperature of 45 °C is reached. 

2 

Add the surfactant (CTAB, Fisher Scientific, Whitby, ON, Canada) to the remaining 45 wt% 

of the water, followed by the sensitizer (TCE, Sigma-Aldrich, Oakville, ON, Canada) and the 

acid solution (25 wt% TCAA (Sigma-Aldrich, Oakville, ON, Canada) prepared ahead of time 

in a large batch) (beaker B). Stir at room temperature after the addition of each ingredient. 

3 

Add LCV (Sigma-Aldrich, Oakville, ON, Canada) to beaker B. This ingredient is added last, 

in a darkened lab, because it is light-sensitive. Cover with a box and stir at room temperature 

for ~5 minutes. 

4 Pour the contents of beaker B into beaker A and stir for ~5 minutes under the box. 

5 

Pipette the resulting liquid mixture into 12 polystyrene cuvettes (4.5 mL, 10 mm path length) 

and cap. Record the pH (Mettler Toledo, Columbus, OH, USA) of the left-over liquid. It 

should be between 2.9 and 3.3 if the gel has been prepared properly. 

6 

Refrigerate at 4 °C for 24 hours, then place in a 22 °C water bath in a dark container for at 

least 20 minutes before irradiation. Careful temperature control is required to achieve good 

reproducibility. 
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2.3.2 Irradiation and scanning procedure 

Two different dose rates (100 and 600 cGy min-1) were used to irradiate the cuvette 

phantoms to doses of 5, 10, 15, 20, 25 and 30 Gy.  This wider range of doses (compared to previous 

studies with a maximum dose of 20 Gy) was used so that more precise DS results could be obtained 

(Xie et al., 2016). Straight lines were fitted through the dose response data to obtain DS at 100 and 

600 cGy min-1. The fitted lines were not constrained to pass through the origin (see Figure 2.1a) 

and 2.1b)) when computing DS and SR because RM LCV gels tend to have y-intercepts slightly 

less than zero (typically -0.01 to -0.04), indicating that DS might be lower at small doses.  

The following irradiation and scanning procedures are the same as those reported by Xie 

et al. A Varian Clinac 6EX linear accelerator (Varian Medical Systems, Palo Alto, CA, USA) was 

used to irradiate the gel samples with 6 MV photons. Irradiation was conducted using an isocentric 

setup with a 100 cm source-to-axis distance, 1.5 cm plastic water build-up, 10 cm backscatter and 

a 15x15 cm2 field size. A SpectroVis Plus spectrophotometer (Vernier Software & Technology, 

OR, USA) was used to measure the absorbance of light over the 380-900 nm wavelength range. A 

reference cuvette containing deionized water was used to calibrate the absorption spectrum. The 

change in optical attenuation coefficient (Δμ) between the pre- and post-irradiated absorbance 

measurements was calculated using the following equation (Chang & Thoman, 2014): 

 ∆𝜇 = ln(10) ∗ 𝑥−1(𝐴1 − 𝐴0) (2.5) 

where x = 1.0 cm is the path length through the cuvette, A1 is the measured absorbance of the 

irradiated sample and A0 is the measured absorbance of the un-irradiated sample. Measured 

absorbance values at a wavelength of 590 nm were reported. As indicated in section 2.3.5, a slightly 

different procedure was used for a small number of samples using an electron beam, so that energy 

dependence could be explored. 
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2.3.3 Determination of the operating range 

The permissible recipe range for RM LCV gel dosimeters was explored to better 

understand the concentration limits of CTAB, LCV and TCE. Problems associated with gel 

turbidity (cloudiness) were reported in previous studies of RM LCV gel dosimeters (Nasr et al., 

2015; Xie et al., 2016). This characteristic is undesirable and would cause unwanted light scattering 

during optical CT readout, leading to artefacts in the dose reconstructions. The recipe range of RM 

LCV gels, manufactured according to the updated procedure, was determined by visually 

examining cuvettes. Optically turbid gels and gels that were too viscous to manufacture were used 

to map the edges of the permissible recipe region. Undesirable gels were not irradiated and excluded 

from the models reported in section 2.3.4. The recipes and corresponding A0 values of these 

undesirable gels are reported in Appendix A. Gelatin and TCAA concentrations were held constant 

for all gels at 4.0 wt% and 25 mM, respectively. 

2.3.4  DOEs and model-based optimization 

As shown in Table 2.2, four full-factorial designed experiments were conducted with 

centre-point replicates using two-levels of three factors (CTAB, LCV, and TCE). The codes used 

to number the gels in Table 2.2 are as follows: Gels D1-1 to D1-8 are gel recipes considered in the  

first set of designed experiments, with D1-C corresponding to the centre-point recipe. Similarly, 

D2-1 to D2-C correspond to the second set of designed experiments. Gels D3-1 to D3-C correspond 

to the third set of designed experiments and D4-1 to D4-C correspond to the fourth set of designed 

experiments. Gels D1-1 to D1-C are replicates of gels first reported by Xie et al. Linear regression 

was used to estimate parameters for empirical models of the form: 

 𝑌 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3 + 𝛽23𝑥2𝑥3 + 𝛽11𝑥1
2

+ 𝛽22𝑥2
2 + 𝛽33𝑥3

2 + 𝜀 

(2.6) 

where A0, DS at 100 cGy min-1, and SR are the response variables, βi are model parameters and xi 

(i = 1, 2, 3) are scaled concentrations of CTAB, LCV and TCE, respectively.  
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Table 2.2: Concentrations of CTAB, LCV, and TCE in four full factorial designed experiments with 

centre-point replicates. 

# CTAB [mM] LCV [mM] TCE [mM] 

D1-1 9 0.75 40 

D1-2 9 0.75 80 

D1-3 9 1.25 40 

D1-4 9 1.25 80 

D1-5 25 0.75 40 

D1-6 25 0.75 80 

D1-7 25 1.25 40 

D1-8 25 1.25 80 

D1-C 17 1 60 

D2-1 35 1 120 

D2-2 35 1 180 

D2-3 35 1.5 120 

D2-4 35 1.5 180 

D2-5 45 1 120 

D2-6 45 1 180 

D2-7 45 1.5 120 

D2-8 45 1.5 180 

D2-C 40 1.25 150 

D3-1 27.5 1.10 190 

D3-2 27.5 1.10 200 

D3-3 27.5 1.15 190 

D3-4 27.5 1.15 200 

D3-5 32.5 1.10 190 

D3-6 32.5 1.10 200 

D3-7 32.5 1.15 190 

D3-8 32.5 1.15 200 

D3-C 30 1.125 195 

D4-1 30 1.10 158 

D4-2 30 1.10 188 

D4-3 30 1.20 158 

D4-4 30 1.20 188 

D4-5 40 1.10 158 

D4-6 40 1.10 188 

D4-7 40 1.20 158 

D4-8 40 1.20 188 

D4-C 35 1.15 173 
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Parameter estimates from the models were used to determine improved gel recipes by selecting 

ingredient concentrations that minimize the objective function shown in equation (2.4). Two 

versions of the empirical models were generated for each response variable. The first version 

contains all parameter estimates shown in equation (2.6), and the second version is a reduced form, 

where non-significant parameter estimates (at the 95% confidence level) were removed from the 

models.  

2.3.5 Experiments varying radiation type 

Experiments testing for energy dependence of the optimized gel recipe were performed by 

irradiating cuvettes of the optimized gel (D4-C) to different doses with two different particle and 

energy beams. Note that the main purpose of these experiments was to test for energy dependence, 

however, different particle beams (i.e., electron and photon) were used. Twenty-two cuvettes were 

filled with the optimized gel dosimeter recipe and a 6 MV photon beam was used to irradiate 14 of 

the 22 cuvettes. These 14 cuvettes were divided into two sets of seven and were uniformly irradiated 

at different dose rates (100 and 600 cGy min-1) to doses of 0, 5, 10, 15, 20, 25 and 30 Gy. The 

remaining 8 cuvettes were irradiated with a 12 MeV electron beam. Two sets of four cuvettes were 

uniformly irradiated at different dose rates (100 and 600 cGy min-1) to doses of 0, 5, 10, and 15 Gy. 

Cuvettes irradiated with 6 MV photons used the same procedure described in section 2.3.2. 

Cuvettes irradiated with 12 MeV electrons used an isocentric setup with a 100 cm source-to-axis 

distance, 2.5 cm plastic water build-up, 10 cm backscatter and a 20 x 20 cm2 field size. The optical 

response of each gel cuvette was measured using the spectrophotometer described in section 2.3.2.  

2.3.6 Preliminary 3-D dosimeter experiments in large phantoms 

Three 1 L polyethylene terephthalate cylindrical jars were filled using the optimized gel 

recipe (D4-C). Irradiations were performed using a Varian Trilogy linear accelerator (Varian 

Medical Systems, Palo Alto, CA) with established protocols that have been developed for routine 
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3-D testing of gel phantoms (Alexander et al., 2018). The first gel was irradiated with a 1000 MU, 

6 MV 3x3 cm2 square-field photon beam at two different locations within the jar. The jar was placed 

at a source-to-surface distance (SSD) of 98.5 cm and irradiated at a depth of 1.5 cm from the surface 

of the gel. The beams delivered to the two different locations used different dose rates of 100 and 

600 cGy min-1 to test for dose-rate dependence. A photograph of the bottom of the irradiated 

phantom is shown in Figure 2.2 to show the relative placement of the two square fields. 

 

Figure 2.2: 1 L phantom of the optimized gel recipe irradiated with two 6 MV 3x3 cm2 photon beams (one 

beam irradiated at 100 cGy min-1 and the other at 600 cGy min-1). 

 

The second and third gels were both irradiated with a 1000 MU, 12 MeV 6x6 cm2 square-

field electron beam and placed at a SSD of 100 cm. One gel was irradiated at a dose rate of 100 

cGy min-1 and the other gel was irradiated at 600 cGy min-1. Two jars were required because of the 

larger field size compared to the photon beam.  

All three jars were imaged using a Vista Optical CT scanner (Modus Medical Devices Inc., 

London, ON, Canada) under 590 nm LED illumination. Reference scans were taken of each jar 

prior to irradiation. After irradiation, the jars were imaged again to acquire data scans. 500 light-

intensity transmission projections were obtained over 360° during image reconstruction for all jars 

(Olding et al., 2010). Commercial software associated with the Vista scanner was used during 
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image reconstruction and 3-D volumes of optical attenuation measurements were exported as data 

files for gel dosimetry analysis.  

2.4 Results and discussion 

2.4.1 Determination of the operating range 

Figures 2.3a) through d) display 3-D and 2-D plots of the permissible recipe range for RM 

LCV gel dosimeters. All gel recipes that were manufactured in this thesis are included in the plots. 

Not surprisingly, problems with turbidity were observed in gels containing high concentrations of 

LCV. This optical cloudiness is attributed to precipitated LCV particles (Nasr et al., 2015). In an 

attempt to solve this issue, higher concentrations of CTAB were added to gel recipes to help 

solubilize the LCV molecules. However, a maximum allowable CTAB concentration of ~50 mM 

was encountered. Gel dosimeters manufactured with [CTAB] > 50 mM resulted in viscous, 

undesirable gel mixtures, even with the new manufacturing process. Undesirable viscous gels are 

represented using red x-markers in Figure 2.3. 

Increasing [TCE] in new gel recipes was initially performed to achieve improved DS. To 

our surprise, it was observed that high [TCE] ( >120 mM) helped to resolve problems with gel 

turbidity. This result is illustrated in Figure 2.3c) with gel recipes containing 1.25 mM LCV. Higher 

[TCE] were added to new gel recipes until an upper limit of 270 mM was reached. Gels 

manufactured with TCE above this concentration sometimes had an oily appearance due to possible 

phase separation. The most notable trends observed in the plots were i) increasing [LCV] increased 

gel turbidity, and ii) increasing [TCE] decreased gel turbidity. As shown in Figure 2.3d), no 

apparent trend between [CTAB] and [TCE] related to gel cloudiness is observed.  Based on the 

results of Figure 2.3, the following bounds on ingredient concentrations are suggested to produce 

successful RM LCV gels with good optical properties and reliable manufacturing procedures: 9 

mM ≤ [CTAB] ≤ 50 mM, 0.75 mM ≤ [LCV] ≤ 1.25 mM, 120 mM ≤ [TCE] ≤ 270 mM. 
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Figure 2.3: Plots of the operating space for RM LCV gel dosimeters. Ingredient concentrations from 

successful ( ) and unsuccessful ( , ) gels are plotted in (a) 3-D, and in 2-D for (b) [CTAB] vs. [LCV] (c) 

[TCE] vs. [LCV] (d) [TCE] vs [CTAB]. All concentration units are in mM. Unsuccessful gels with triangle 

and x-markers represent cloudy and viscous gels, respectively.  
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It was observed that several replicate gel recipes produced optically clear gels on some 

days and optically cloudy gels on other days (e.g., gel recipes E-1, also called U-1, E-3, also called 

U-5, E-20, also called U-9, and D2-2, also called U-10; see Appendix A). All of these unsuccessful 

replicated gels were produced with the same batch of defective gelatin. Therefore, it was discarded, 

and a new batch of gelatin was ordered, leading to the formation of good gels. Possible sources of 

gel variability include manufacturing inconsistencies (e.g., masses of measured ingredients, 

temperature, and exposure to light) and batch-to-batch variability of purchased gel ingredients. 

Because gelatin is a natural material, it seems to have caused the most variability compared to other 

gel ingredients. Note that the unsuccessful replicated gels are not included in Figures 2.3a) through 

d), but they are included in another version of the figures located in Appendix A. 

2.4.2 DOEs and model-based optimization 

Illustrated in Figure 2.4, four sets of full-factorial designed experiments with centre-point 

replicates were conducted to investigate the influence of [CTAB], [LCV] and [TCE] on A0, DS and 

SR. Designed experiments by Xie et al. were replicated (DOE box #1 in Figure 2.4) and results 

from this set of experiments were used to estimate model parameters shown in equation (2.6) for 

the response variables: A0, DS (at 100 cGy min-1) and SR. Note that the squared terms involving 

β11, β22, and β33, were initially set to zero and were included in the models after the second set of 

designed experiments when more information was available. After each round of designed 

experiments, parameters were re-estimated using all of the available data. The updated models were 

then used to find improved gel recipes that minimized the objective function in equation (2.4).  

Initially, the positive weighting factors, ω1 and ω2 in equation (2.4), were set to 0.2 and 

0.066, respectively (Xie et al., 2016). After the second set of designed experiments, the weighting 

factors were changed to ω1 = 0 and ω2 = 5, respectively, to heavily weight the importance of SR. 

Values of A0 were not considered in the optimization because all successful, optically clear gels 

had similar low values of A0 (see Appendix A). Besides the gel recipes listed in Table 2.2, a number 
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of additional gel recipes were selected and tested based on the optimization results. These extra 

gels are labeled using the prefix E- in Table A-1 of Appendix A. The optimization results were also 

used to aid selection of the centre-point recipes and concentration bounds for successive designed 

experiments.  

 

Figure 2.4: Four DOEs (numbered in chronological order) used for model-based recipe optimization of RM 

LCV gel dosimeters. 

 

The estimated parameters and optimization results arising from the first DOE indicated that 

the optimal recipe had concentrations of CTAB, LCV, and TCE at their respective upper 

concentration bounds. In the second set of designed experiments, upper concentration limits of 

CTAB, LCV and TCE were expanded to 45 mM, 1.50 mM and 180 mM, respectively. 

Unfortunately, gels D2-3, D2-4, D2-7 and D2-8 containing 1.50 mM LCV were optically cloudy. 

Additionally, gels with 45 mM CTAB had prolonged manufacturing procedures because the 

increased concentration of CTAB took longer to dissolve.  

Based on results from the second DOE, the optimal gel recipe had [TCE] = 180 mM, which 

was the upper concentration bound. To continue the search for improved gel recipes, the upper 

bound on [TCE] was increased to 200 mM for the third DOE. Several gel recipes with [TCE] > 200 
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mM were also explored, but unfortunately led to significant dose-rate dependence, where SR < 1 

(e.g., gels E-30 to E-34 in Appendix A). Following the third set of designed experiments, an 

optimized gel recipe of 35 mM CTAB, 1.10 mM LCV, and 173 mM TCE was suggested. This new 

recipe was selected as the centre-point for the fourth DOE (i.e. D4-C). After the fourth set of 

designed experiments, linear regression models of the form shown in equation (2.6) were re-fitted 

using data from all 104 successfully manufactured gels reported in Table A.1 of Appendix A. Final 

parameter estimates are provided below:  

𝐴0 = 𝟐. 𝟖𝟒 · 𝟏𝟎−𝟐 − 1.63 · 10−3𝑥1 + 𝟖.𝟎𝟎 · 𝟏𝟎−𝟑𝑥2 + 𝟒. 𝟔𝟔 · 𝟏𝟎−𝟑𝑥3  − 1.26 · 10−3𝑥1𝑥2

− 6.36 · 10−4𝑥1𝑥3 + 3.30 · 10−3𝑥2𝑥3 + 𝟒. 𝟎𝟏 · 𝟏𝟎−𝟑𝑥1
2 + 2.50 · 10−3𝑥2

2

+ 7.95 · 10−4𝑥3
2 

(2.7) 

𝐷𝑆(100) = 𝟏. 𝟐𝟕 · 𝟏𝟎−𝟐 + 6.43 · 10−4𝑥1 + 𝟐. 𝟒𝟒 · 𝟏𝟎−𝟑𝑥2 + 𝟖. 𝟑𝟎 · 𝟏𝟎−𝟑𝑥3  − 3.76

· 10−4𝑥1𝑥2 + 4.15 · 10−4𝑥1𝑥3 + 𝟐. 𝟖𝟑 · 𝟏𝟎−𝟑𝑥2𝑥3 + 7.20 · 10−4𝑥1
2

+ 2.81 · 10−4𝑥2
2 + 𝟑. 𝟔𝟖 · 𝟏𝟎−𝟑𝑥3

2 

(2.8) 

𝑆𝑅 = 𝟏. 𝟎𝟏𝟒 + 6.33 · 10−4𝑥1 − 𝟓. 𝟏𝟏 · 𝟏𝟎−𝟐𝑥2 − 𝟏. 𝟔𝟖 · 𝟏𝟎−𝟏𝑥3 + 3.29 · 10−2𝑥1𝑥2

+ 6.20 · 10−2𝑥1𝑥3 − 4.98 · 10−2𝑥2𝑥3 − 3.95 · 10−3𝑥1
2 − 4.13 · 10−2𝑥2

2

− 4.98 · 10−2𝑥3
2 

(2.9) 

The bold parameters in equations (2.7) to (2.9) are statistically significant at the 95% 

confidence level. Details about the statistical methods used to evaluate parameter significance are 

provided in Appendix B. The bold parameters in equation (2.8) indicate that higher concentrations 

of LCV and TCE lead to significantly higher DS. Likewise, the bold parameters in equation (2.9) 

indicate that higher concentrations of LCV and TCE lead to a significantly lower SR. The methods 

used to convert ingredient concentrations in Table 2.2 to coded variables for equations (2.7) to (2.9) 

are presented in Appendix C. Two versions of the models, where one incorporated all parameters, 

and the other incorporated only significant parameters (see Appendix C), were used in optimization 

calculations. Parity plots and residual plots were constructed for model validation (see Appendix 
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D). Since the models in equations (2.7) to (2.9) predict reliable gel responses, they can also be used 

to select gel recipes with different objectives (e.g., recipes with high DS and SR ≠ 1). 

 Figure 2.5 shows SR plotted against DS for all 104 successful gels, with replicates of the 

optimized gel shown in bold. An apparent downward trend is observed between SR and DS. Nearly 

all gels from the first DOE had low DS and SR above one. As new gels with higher dose sensitivities 

were generated, SR fell below one. Although gels were produced with significantly higher DS than 

the optimized gel, these gels resulted in undesirable, low SR. Mean responses of A0, DS at 100 cGy 

min-1, and SR for the optimized gel recipe are 0.030, 0.0141 Gy-1 cm-1 and 0.993, respectively. This 

dose-rate independent gel recipe displays a DS ~2 times greater than that of the RM LCV gel recipe 

developed by Babic and Jordan. 

  

Figure 2.5: Sensitivity ratio vs. dose sensitivity at 100 cGy min-1 for all successful gels manufactured in this 

thesis. Responses from replicates of the optimized gel recipe are bolded. 

 

The gel ingredient that had the largest influence on DS and SR was TCE. Although the 

chemical interactions between all gel ingredients (water, gelatin, CTAB, TCE, LCV and TCAA) is 

not fully understood, previous work has been done investigating the reaction mechanism involved 

in the photo-oxidation of LCV to CV+ (Bottcher & Fischer, 1986). This reaction was studied in the 

presence of a halogenated hydrocarbon and the proposed reaction mechanism showed that LCV 
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free-radicals react with the free-radicals of halogenated hydrocarbons during the formation of CV+ 

(Bottcher & Fischer, 1986). Applying this reaction mechanism to the RM LCV gel system, it is 

hypothesized that TCE free-radicals may be partitioning into micelles and reacting with LCV to 

form CV+.  

Table 2.3 provides pooled variance estimates obtained from replicates of 18 different RM 

LCV gel dosimeter recipes. Numerous centre-point replicates of the four DOEs were made, as well 

as replicates of different optimized recipes. The variance estimates in Table 2.3 have degrees of 

freedom, ν = 42 due to the large number of replicate experiments. The variances in Table 2.3 

indicate that the typical error in A0 is √1.56 ∙ 10−5 = 3.45·10-3. Similarly, the typical errors in DS 

at 100 cGy min-1 and SR are 1.28·10-3 Gy-1 cm-1 and 5.61·10-2,  respectively. 

Table 2.3: Pooled variances of A0, DS and SR obtained from replicate gel experiments. 

 
A0 DS100 SR 

𝑠𝑝
2 1.56E-05 1.65E-06 3.15E-03 

 

2.4.3 Experiments varying radiation type 

Experiments were conducted in cuvettes to test for energy dependence of the optimized gel 

recipe. Figure 2.6a) plots ΔμA against the absorbed dose for gels irradiated with 6 MV photons. 

Similarly, Figure 2.6b) plots ΔμA against the absorbed dose for gels irradiated with 12 MeV 

electrons. Gel cuvettes were irradiated at two different dose rates (100 and 600 cGy min-1) for both 

photon-beam and electron-beam experiments. The slopes of the best-fit lines in these figures are 

DS for the corresponding datasets. To evaluate the significance of energy-dependent behavior in 

the optimized gel, comparisons of DS at 100 cGy min-1, DS at 600 cGy min-1, and SR were made 

between gels irradiated at different energies. 

The resulting dose sensitivities at 100 cGy min-1 for the optimized gels irradiated with 6 

MV photons and 12 MeV electrons were 0.0130 Gy-1 cm-1 and 0.0123 Gy-1 cm-1, respectively. 
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Similarly, the resulting dose sensitivities at 600 cGy min-1 were 0.0129 Gy-1 cm-1 and 0.0123 Gy-1 

cm-1 for the gels irradiated with 6 MV photons and 12 MeV electrons, respectively. The difference 

in DS at 100 cGy min-1 between these gels is 7·10-4 Gy-1 cm-1. This variation is less than the typical 

error of 1.28·10-3 Gy-1 cm-1 observed in replicate RM LCV gels. Likewise, the difference in DS at 

600 cGy min-1  between gels irradiated with different energy beams was 6·10-4 Gy-1 cm-1, which is 

less than the typical error of 8.8·10-4 Gy-1 cm-1. As a result, the dose sensitivities obtained using the 

two different beam energies are not significantly different.  

 

 
Figure 2.6: Change in optical attenuation coefficient vs. absorbed dose for cuvettes irradiated at dose rates 

of 100 cGy min-1 ( ) and 600 cGy min-1 ( ) with (a) 6 MV photons (b) 12 MeV electrons. 
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The resulting sensitivity ratios for the experiments in Figures 2.6a) and b) are 0.994 and 

1.001, respectively. Both sensitivity ratios are close to 1.00 (within the typical error of 0.0561), so 

neither are dose-rate dependent. These results indicate that the dose sensitivities and sensitivity 

ratios for the photon-beam and electron-beam experiments are not significantly different from one 

another, and that no significant energy dependence was observed for the optimized gel recipe. 

Error bars (± 1σ estimated from replicates) are shown for the photon beam experiments in 

Figure 2.6a). No replicates were performed for the electron beam experiments. The results in Figure 

2.6a) were obtained using equation (2.5) to calculate the change in optical attenuation coefficients, 

ΔμA, from the absorbance readings of gel cuvettes at 590 nm. Figure 2.7 shows the absorbance 

readings of gel cuvettes irradiated at different dose rates (100 cGy min-1 and 600 cGy min-1) to 

doses of 0, 10, 20, and 30 Gy with a 6 MV photon beam. Excellent agreement is shown between 

gel cuvettes irradiated to the same dose at different dose rates.  

 

Figure 2.7: Absorbance readings of gel cuvettes irradiated up to 30 Gy at dose rates of 100 cGy min-1 and 

600 cGy min-1 with a 6 MV photon beam. It is difficult to distinguish the curves obtained at 100 cGy min-1  

(⋯) and 600 cGy min-1 (---) because they are nearly overlapping.  
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2.4.4 Preliminary 3-D dosimeter experiments in large phantoms 

Analysis of the absorbed radiation data in 1 L phantoms was performed by plotting depth 

dose optical density values against ion-chamber water-tank dose measurements. The depth-dose 

curve generated from ion-chamber measurements aligns relatively easily with the depth-dose data 

of RM LCV gel dosimeters (see Figure 2.8). Data points were plotted from these aligned 

measurements to determine a linear function relating optical attenuation coefficients to dose. This 

procedure was performed a total of four times; twice for the phantom irradiated with photon beams 

and once for each phantom irradiated with an electron beam. Figure 2.8 plots the percent depth 

dose (PDD) curve from ion-chamber measurements with the optical density measurements for the 

gel-dosimeter phantom irradiated using 6 MV photon beams. Similar plots were made during the 

analysis of gel phantoms irradiated using 12 MeV electron beams. 

 

Figure 2.8: Ion chamber percent depth dose data (black) aligned with optical density measurements (blue 

and red) of the gel phantom irradiated with a 6 MV photon beam at 100 and 600 cGy min-1. 

 

The two optical density measurement curves presented in Figure 2.8 were generated using 

photon beams irradiated at dose-rates of 100 and 600 cGy min-1. The difference observed between 

the optical density measurements in the plot suggests dose-rate dependence (~15%) of the proposed 

RM LCV gel dosimeter at a depth of 2 cm where the dose was maximized. Further experiments are 
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required to replicate and confirm this conclusion. Although slight dose-rate dependent behavior is 

suggested, the registration information was lost concerning which dose-rate is associated with 

which curve. Therefore, no conclusions about whether SR is larger or smaller than one can be 

drawn.  

Using the information gathered from the PDD and optical density graphs, the change in 

optical attenuation coefficients were plotted against absorbed dose for the gel phantoms. Figures 

2.9 and 2.10 show ΔμA vs. absorbed dose for gel phantoms irradiated with 6 MV photons and 12 

MeV electrons, respectively; the slopes of the best-fit lines in the figures are dose sensitivities. 

Dose-rate dependence of ~15% was observed in the gel phantom irradiated with 6 MV photons, 

and ~12% for gel phantoms irradiated using 12 MeV electrons. The DS at 100 cGy min-1 was 

0.0110 Gy-1  cm-1 for the gel irradiated with electrons, and the lower of the two DS was 0.0115   

Gy-1 cm-1 for the gel irradiated with photons.  

 

Figure 2.9: Change in optical attenuation coefficients vs. dose for the 1 L gel phantom irradiated with 6 MV 

photon beams at 100 and 600 cGy min-1. 
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amounts of solid particles may have been suspended in the gel mixture. These suspended particles 

may cause unwanted light scattering and lead to increased noise in the dose-reconstruction data. 

Replicate experiments in large phantoms are required to test reproducibility. Slightly non-linear 

behavior may be occurring at low doses for the dose-response data shown in Figure 2.10. Over the 

absorbed dose range of 5 to 10 Gy, the DS at 100 cGy min-1 is 0.0122 Gy-1 cm-1 (compared to 

0.0110 Gy-1 cm-1 over the dose range of 0 to 10 Gy), and the observed dose-rate dependence is less 

than 1%. Therefore, a pre-irradiation dose of  < 5 Gy could help to improve DS and SR of the 

proposed RM LCV gel dosimeter.  

 

Figure 2.10: Change in optical attenuation coefficients vs. dose for 1 L gel phantoms irradiated with 12 MeV 

electron beams at 100 ( ) and 600 ( ) cGy min-1. The DS (slopes) for the 100 and 600 cGy min-1 data appear 

to be more consistent at higher doses than at lower doses below 5 Gy. 

2.5 Conclusions and recommendations 

An improved RM LCV gel dosimeter recipe containing 35 mM CTAB, 1.10 mM LCV, 

173 mM TCE, 25 mM TCAA and 4 wt% gelatin was proposed using full-factorial designed 

experiments and model-based optimization. Exploration of the permissible recipe range of RM 

LCV gel dosimeters was performed to determine concentration limits for CTAB, LCV and TCE. 

Recipes with high [LCV] and low [CTAB] led to optically cloudy gels. This property is undesirable 

because it might cause significant light scattering in larger phantoms, resulting in considerable 
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complexity during gel readout. Other recipes containing high [CTAB] resulted in viscous gel 

mixtures that were difficult to manufacture. Therefore, ingredient concentration bounds of 9 mM 

≤ [CTAB] ≤ 50 mM, 0.75 mM ≤ [LCV] ≤ 1.25 mM, 120 mM ≤ [TCE] ≤ 270 mM were established 

to produce optically clear gel dosimeters with reliable manufacture.  

Experimental results from 104 successful gels were used to estimate model parameters for 

the response variables: A0, DS at 100 cGy min-1 and SR. Final models were used to minimize an 

objective function that optimized recipes in terms of high DS and minimal dose-rate dependence. 

Conclusions from replicate cuvette experiments show that the proposed gel recipe is dose-rate 

independent and has a DS that is ~2 times larger than the RM LCV gel recipe developed by Babic 

and Jordan. No statistically significant difference in gel response was observed in cuvette 

experiments involving 12 MeV electrons and 6 MV photons. Preliminary 3-D dosimetry 

experiments were conducted in 1 L jars to study dose responses of the proposed recipe in large 

phantoms. The DS at 100 cGy min-1 was 0.0110 Gy-1 cm-1 for the 1 L phantom irradiated with 

electrons, and the lower of the two DS was 0.0115 Gy-1 cm-1 for the 1 L phantom irradiated with 

photons. 

Based on the results in this chapter, the following recommendations are made for further 

research on the proposed RM LCV gel dosimeter:  

▪ Replicate experiments of the optimized gel in 1 L phantoms are required to analyze the 

variation in A0, DS and SR. The statistical significance of any dose-rate dependent or 

particle-beam/energy-dependent behavior should be tested through replicate experiments. 

Additionally, further work on large phantoms is required to determine the reproducibility 

and clinical relevance of the proposed gel dosimeter. 

▪ To improve reproducibility, experiments characterizing batch-to-batch variability in the 

manufacturing, irradiation and readout processes should be done. It is recommended to 

perform an analysis of variance (ANOVA) to better understand the impact of different 
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sources of error (i.e., temperature effects, aging and storage conditions, variability between 

gel ingredient batches, radiation delivery and gel readout). 

▪ Further experiments should also be conducted to investigate the limits of the proposed gel 

by irradiating phantoms with a variety of higher dose-rates.  

▪ Since TCE has the largest effect on DS and SR, further work (such as planning mechanistic 

investigations) should be done to understand the role, specifically the chemistry and phase-

equilibrium, of TCE.  
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Chapter 3 

Reusability of RM LCV gel dosimeters 

3.1 Chapter summary 

In this chapter, preliminary experiments are described that test the reusability potential for 

multiple reuses of the optimized RM LCV gel dosimeter recipe proposed in Chapter 2. During the 

experiments described in Chapter 2, replicates of the optimal gel recipe were irradiated in eight 

series, each containing six cuvettes irradiated with doses between 5 and 30 Gy. To test the 

reusability potential, the gels from four of the eight replicate series were selected randomly. These 

irradiated gels were melted and mixed to form a large batch of previously used material. The re-

used gel was then re-gelled 24 hours prior to re-irradiation. Two additional iterations of this 

procedure were conducted to study the effects of gel dosimeter recycling on A0, DS and SR. As 

expected, A0 increased linearly with the number of re-uses. DS increased with the number of times 

the gel was reused from 0.014 Gy-1 cm-1 on average for the initial gel to 0.023 Gy-1 cm-1 on average 

for a gel that was re-used three times. No significant change in SR was observed at the 95% 

confidence level. These preliminary results suggest that there may be some benefit in administering 

a small uniform pre-irradiation dose prior to initial use of the proposed dosimeter.  
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3.2 Introduction 

Desirable characteristics of gel dosimeters such as simple preparation methods, reliability, 

low cost and low toxicity are required to gain widespread use in cancer clinics. To reduce the cost 

and amount of waste produced in gel dosimetry, it would be beneficial to manufacture a gel 

dosimeter that can be reused multiple times. Promising reusable gel dosimeters should have 

relatively low A0 to allow for multiple recycles. They should also be easy to re-melt, re-mix, and 

re-set, and should result in accurate dosimetry results after multiple use.  

To our knowledge there have been very few studies of gel dosimeter reusability. Jordan 

and Avvakumov performed a rudimentary reusability study for a RM LMG gel dosimeter. They re-

melted, re-mixed, re-irradiated two gels to 30 Gy. One gel, which was re-irradiated one day after 

the first irradiation, had a measured DS that was equal to that of the original gel. The second gel, 

which was re-irradiated three weeks after the first irradiation, had a DS that was 15% higher than 

the DS for the corresponding original gel (Jordan & Avvakumov, 2009). More recently, a 

radiochromic PVA-iodide gellan gum dosimeter was developed that the authors indicated might be 

suitable for re-use (Hayashi et al., 2018). However, to our knowledge, no results confirming 

reusability have been reported. 

Although RM LCV gel dosimeters are more popular than RM LMG gel dosimeters, to our 

knowledge no systematic reusability study has been performed until now. Although we estimate 

that the material costs for producing the proposed optimal RM LCV gel dosimeter described in 

Chapter 2 is only ~$20.00 CAD per litre, there could be substantial cost savings associated with 

the technician time required to accurately measure the ingredients and manufacture a new batch of 

gel. Based on the experience in re-melting, re-mixing and re-setting the re-used gels studied in this 

chapter, we estimate an 80% reduction in technician time and effort when making a re-used gel 

compared to a new one. Note that this reduction in time and effort does not include the time required 

to properly dispose of a used gel dosimeter (which requires re-melting the gel and pouring it into a 
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chemical waste container). Compared to disposal, re-mixing the gel so that it can be re-used 

requires very little effort. 

The objective of the research presented in this chapter is to test the reproducibility and 

reusability potential of the optimized RM LCV gel dosimeter. First, experimental methods are 

described. Next, experimental results are shown for three recycle iterations with replicates. Finally, 

conclusions are drawn regarding changes in A0, DS and SR, and recommendations about further 

reusability tests are discussed.  

3.3 Materials and methods 

The optimized recipe of 35 mM CTAB, 1.10 mM LCV and 173 mM TCE was used for all 

experiments to study the potential for gel reusability. Concentrations of water, gelatin, and TCAA 

were also kept constant at 96 wt%, 4 wt%, and 25 mM, respectively. First, a large batch of recycled 

material was made by melting and combining the contents of all cuvettes from four of the eight 

(randomly selected) replicate series produced during the experiments reported in Chapter 2. The 

old cuvettes containing the used gel samples had been stored in a dark refrigerator for time periods 

ranging from a few days to one month. Note that these cuvettes had previously been irradiated with 

doses ranging from 5 to 30 Gy. For each recycle iteration, gel samples with a range of prior 

absorbed doses were mixed together to create a uniform gel. Recycled RM LCV gels were prepared 

using the procedure in Table 3.1.  

Two different dose rates (100 and 600 cGy min-1) were used to irradiate the recycled 

cuvette phantoms to doses of 0, 10, 20 and 30 Gy.  Several replicates were made at each recycle 

iteration to test reproducibility. The irradiation and scanning procedures were consistent with the 

procedures reported in Chapter 2, section 2.3.2. Three recycle iterations were completed to test the 

effects of reusability on A0, DS and SR. To account for minor losses in gel material between 

successive iterations, the 4x12 = 48 cuvettes of initial gel were used to make 4x8 = 32 cuvettes in 
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the first iteration, 3x8 = 24 cuvettes in the second iteration, and 2x8 = 16 cuvettes in the third 

iteration. 

Table 3.1: Gel reusability manufacturing process. 

Steps Manufacturing Instructions 

1 

Place the irradiated gel cuvettes into a 60 °C water bath in a dark container until the 

gel material is completely melted (~ 5 minutes). Make sure that the cuvette caps in 

the bath remain above the surface of the warm water to prevent contamination of the 

melted gels. 

2 

Pour the melted gel material into a 250 mL beaker and mix well using a magnetic stir 

bar. Cover with a box and stir at room temperature for ~5 minutes. 

3 

Pipette the resulting liquid mixture into new polystyrene cuvettes (4.5 mL, 10 mm 

path length) and cap. 

4 

Refrigerate at 4 °C for 24 hours, then place in a 22 °C water bath in a dark container 

for at least 20 minutes before irradiation. 

  

3.4 Results and discussion 

Figures 3.1a) to c) show plots of A0, DS and SR, respectively, versus the number of recycle 

iterations conducted in this study. As shown in Figure 3.1a), a linear increase in A0 is observed 

with respect to the number of gel re-uses. The upward slope of the best-fit line in Figure 3.1a) is 

significantly different than zero at the 95% confidence level, indicating a significant increase in 

background colour with every re-use of the gel. This result is not surprising since processing re-

used gels does not reset dosimeter colour, but just mixes and distributes the colour throughout. The 

increased background colour is due to the CV+ molecules that were produced in the irreversible 

reaction between LCV and free-radicals. Note that an average dose of 15 Gy (i.e. (0+10+20+30)/4 

= 15) was administered to the gel during each iteration. This average absorbed dose is considerably 

larger than the average absorbed dose of ~3 Gy for the contents of the clinically-relevant 1 L 
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phantoms from Chapter 2. As a result, we anticipate that a considerably smaller increase in A0 

would be obtained in the 1 L gels if they were re-used for 3-D dosimetry experiments similar to 

those in Chapter 2.    

It is fortunate that the increase in A0 with gel re-use is linear.  This result suggests that the 

proposed RM LCV gel dosimeter may be a good integrating dosimeter used for complex sequential 

QA applications with multiple doses given at different times to the same gel (with the gel 

undergoing some aging and storage between successive doses). Further investigation of this 

opportunity is warranted and should be explored.   

A plot of DS versus the number of gel re-uses is shown in Figure 3.1b), displaying an 

apparent upward trend with respect to gel re-use.  This result is not surprising because Jordan & 

Avvakumov noticed a small increase in DS with gel re-use (and corresponding aging) for a RM 

LMG gel dosimeter. Although it is preferable to have constant DS with gel re-use, it is better for 

DS to display an upward trend rather than a downward trend. The slope in Figure 3.1b) is not 

statistically different than 0 at the 95% confidence level. The possible increase in DS with gel re-

use may be beneficial because a slight increase in DS may help in obtaining accurate results as the 

background colour of the re-used gel becomes darker.  Also, the results in Figure 3.1b) suggest that 

a pre-irradiation step (prior to the first use of a RM LCV gel dosimeter) might help to reduce 

variability and to improve DS of these gels. Note that an apparent threshold dose effect was 

previously observed in freshly prepared FX gel dosimeters (Babic et al., 2008; Bero, 2007). To 

correct for this threshold dose, a pre-exposure dose of at least 0.5 Gy prior to gel irradiation was 

recommended to improve reproducibility and dose calibration in FX gel dosimeters.  

Figure 3.1c) shows that SR measurements after multiple re-uses are slightly higher than 

the average SR of 0.993 for the fresh gel. However, the slope of the best-fit line in Figure 3.1c) is 

not significantly different than 0 at the 95% confidence level, indicating that the SR of the gel after 

multiple re-uses is not significantly greater than 1. 
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(a) 

 
(b) 

 
(c) 

Figure 3.1: The effects of re-using the optimized RM LCV gel dosimeter on (a) initial absorbance, (b) dose 

sensitivity ( at 100 cGy min-1;  at 600 cGy min-1), and (c) the sensitivity ratio. 
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Figures 3.2 and 3.3 show the raw data used to obtain the plots in Figure 3.1. Figure 3.2 is 

a plot of ΔμA, the optical attenuation coefficient (at 590 nm) vs. absorbed dose; the slopes in this 

figure are dose sensitivities.  A pooled variance for ΔμA was calculated from replicate experiments 

and used to calculate standard deviations for the mean responses that are plotted in Figure 3.2 

(Montgomery et al., 2007). 

Error bars of ± one standard deviation of the mean response at each dose reading are shown 

on the plot. Note that the error bars associated with the data points of the fresh gel are the smallest 

because there are more replicate experiments (8) used to calculate the mean response compared to 

the number of replicates for re-used gels.  The error bars associated with the gel re-used 3 times are 

the largest because this gel has the lowest number replicates (2) used to compute the plotted mean 

responses (Montgomery et al., 2007).  

  
Figure 3.2: The change in optical attenuation coefficients versus absorbed dose for gel cuvettes re-used 

zero ( ), one ( ), two (×), and three ( ) times. 
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and 30 Gy. Excellent agreement is shown between gel cuvettes irradiated to the same dose at 

different dose rates. Additionally, the overlapping absorbance curves of the two replicate gels 

display excellent reproducibility for multiple cuvettes produced from the same batch of gel.  

 
(a) 

 
(b) 

Figure 3.3: Absorbance readings of gel cuvettes across the visible spectrum (a) for two replicates of the gel 

material re-used three times, and (b) for one replicate of the original gel. It is difficult to distinguish 

between the different curves obtained from replicates in (a) because they are nearly overlapping.  
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For comparison, Figure 3.3b) shows the absorbance readings for a fresh gel irradiated at 

different dose rates (100 cGy min-1 and 600 cGy min-1) to doses of 0, 10, 20, and 30 Gy. Note that 

data from Figure 3.3b) were previously shown in Figure 2.7 in Chapter 2 using a different scale. 

Notice that the peak absorbance in Figure 3.3b) is much lower for the fresh gel than for the gel re-

used multiple times. However, the relative spacing and magnitude of the absorbance curves for the 

re-used gel in Figure 3.3a) are similar to that of Figure 3.3b). This trend matches the desirable 

behavior in DS shown in Figure 3.1b). Similar absorbance curves for the two other re-used gel 

iterations are located in Appendix E.   

3.5 Conclusions and recommendations 

Preliminary experiments were described testing the reusability and reproducibility of the 

proposed gel recipe from Chapter 2. A large batch of gel material was made from replicates that 

were previously irradiated to doses up to 30 Gy. Three iterations of gel re-use were performed to 

study the effects of gel dosimeter recycling on A0, DS and SR. As expected, A0 increased linearly 

with gel re-use, where the slope of the best-fit line was statistically different than zero at the 95% 

confidence level. This result suggests that the proposed gel dosimeter might be suitable for storing 

(without re-melting) and administering incremental doses for complex QA protocols.  An apparent 

upward trend in DS with gel re-use was observed for the proposed gel dosimeter. This trend 

suggests that a fresh RM LCV gel dosimeter could benefit from a pre-irradiation step to help 

improve dosimeter sensitivity. The SR of the gel dosimeter increased slightly after multiple re-uses, 

however no significant change in SR was observed at the 95% confidence level. Excellent 

agreement of gel cuvette absorbance readings at 590 nm light was observed between replicates and 

between 100 and 600 cGy min-1 irradiations. 

Based on the results in this chapter, the following recommendations are made for further 

research on the re-usability of the proposed RM LCV gel dosimeter:  
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▪ Further testing of 1 L phantoms with a priming dose (<5 Gy) is suggested to determine if 

this step can help to reduce variability and improve DS. Since it is tough to uniformly 

irradiate a 1 L gel phantom, it is suggested to irradiate, re-melt, re-mix, and re-gel the 

phantom before administering the dose plan. 

▪ Additional experiments should be done to determine the limited number of times the 

proposed gel can be re-used before losing accuracy of the measured responses.  

▪ Sequential doses should be given to large phantoms to determine if the proposed gel can 

effectively store integrated doses administered at different times. Also, the effects of aging 

on gel colour and the stability of spatial and temporal dose information should be tested in 

1 L phantoms. To quantify the temporal stability of the gels, the irradiated phantom should 

be reimaged over time. 

▪ More experiments should be conducted to characterize dosimeter accuracy and quantify 

any problems associated with the small increase in SR. The only dose-rate behavior that 

has been studied for this gel dosimeter is between dose-rates of 100 and 600 cGy min-1. 

Therefore, further tests at higher dose-rates would help quantify the approximate error from 

dose-rate dependence.  
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Chapter 4 

Conclusions and Recommendations 

4.1 Conclusions 

In Chapter 2 of this thesis, an optimized recipe containing 35 mM CTAB, 1.10 mM LCV, 

173 mM TCE, 25 mM TCAA and 4 wt% gelatin was proposed for RM LCV gel dosimeters. 

Experiments were conducted to explore the permissible recipe range of ingredient concentrations 

that produce optically clear gels with reliable manufacture. Systematic DOE methods and model-

based optimization were used to suggest new gel recipes with higher DS and minimal dose-rate 

dependence. Experimental results from 104 successful gels were used to estimate model parameters 

for the response variables: A0, DS (at 100 cGy min-1) and SR. Parameter estimates from the final 

models were used to minimize an objective function for recipe optimization.  Preliminary 

experiments were conducted that tested the effectiveness of the proposed gel recipe for 3-D 

dosimetry in 1 L phantoms. Experimental results from this chapter show that: 

▪ Successful manufacturing of RM LCV gel dosimeters was observed for [CTAB] ranging 

between 9 and 50 mM. The surfactant concentration must be high enough to solubilize the 

hydrophobic LCV reporter molecules but cannot exceed the upper concentration limit of 

~50 mM, otherwise the gel mixture becomes viscous and difficult to manufacture. 

▪ Increasing both [LCV] and [TCE] led to gels with improved DS. However, most gel recipes 

containing [LCV] above 1.25 mM led to optically turbid gel mixtures that might cause 

significant light scattering in larger phantoms. It was observed that high [TCE] helped to 

resolve problems with gel turbidity. However, gels manufactured with [TCE] above ~200 

mM led to dose-rate dependent gels, and gels with [TCE] above 270 mM started to display 

signs of possible phase separation. 
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▪ The optimized gel recipe in cuvettes was optically clear, easy to manufacture, dose-rate 

independent and had an average DS that is ~2 times higher than the DS of the RM LCV 

gel recipe developed by Babic and Jordan.  

▪ No statistically significant energy dependence was observed in cuvette experiments 

involving 12 MeV electrons and 6 MV photons. 

▪ The proposed gel recipe in 1 L phantoms displayed low dose-rate behavior (~15% using 6 

MV photons and ~12% using 12 MeV electrons) and had a DS of 0.0110 Gy-1 cm-1 using 

12 MeV electrons, and 0.0115 Gy-1 cm-1 using 6 MV photons.  

In Chapter 3 of this thesis, systematic experiments were conducted testing the reusability 

and reproducibility of the proposed gel recipe. A large batch of previously irradiated gel material 

was produced from replicates used in the experimental work from Chapter 2. Three iterations of 

re-melting, re-mixing, and re-irradiating gel cuvettes were performed to test the effects of gel re-

use on A0, DS and SR. Experimental results from this chapter show that: 

▪ An upward trend was observed for all three responses (A0, DS and SR) with gel re-use. 

However, A0 was the only response to display a statistically significant linear increase with 

gel re-use at the 95% confidence level.  

▪ The apparent upward trend observed between DS and gel re-use suggests that a pre-

irradiation step administered to a fresh RM LCV gel dosimeter could help to improve 

dosimeter sensitivity. 

▪ Excellent agreement of the absorbance readings between replicate cuvettes was observed 

at every recycle iteration. Good agreement was also observed for absorbance readings 

between 100 and 600 cGy min-1 irradiations. 
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4.2 Recommendations 

The following recommendations are made for further research on the proposed RM LCV 

gel dosimeter: 

▪ Tests involving replicates of the optimized gel in large phantoms are required to analyze 

the variation in A0, DS and SR. Although the results from replicate experiments in gel 

cuvettes are promising, further work on larger phantoms is required to determine the 

clinical relevance of the proposed gel dosimeter. 

▪ Experiments that characterize variability in the manufacturing, irradiation and readout 

processes should be done to help improve gel reproducibility. Sources of error such as 

temperature variations during the readout process and inconsistent light conditions during 

storage can drastically affect the measured responses of RM LCV gels. It could be 

beneficial to perform an analysis of variance (ANOVA) to determine which sources of 

error cause the largest amount of variation. 

▪ Because the proposed recipe was optimized for DS and SR between dose rates of 100 and 

600 cGy min-1, further experiments should be conducted to investigate the dose response 

behavior of the proposed gel at a variety of higher dose-rates. The results from these 

experiments would help understand the limits of this gel. 

▪ A series of experiments in 1 L phantoms are suggested to test the background colour and 

dose behavior of re-used gels. Tests should be done to explore the maximum number of 

recycle iterations that can be performed on the proposed gel. Quantifying the effects of gel 

aging on the spatial and temporal stability of re-used gels by re-imaging the phantom over 

time would also be beneficial as this would assess the potential for storing and 

administering incremental doses for complex QA protocols.   
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Appendix A 

Experimental data 

Tables A.1 and A.2 summarize gel recipes and their corresponding measured responses (A0, DS 

and SR) for the experimental work presented in this thesis. Gels Di -1 to Di -8 (i = 1, 2, 3, 4) refer 

to gel recipes considered in DOEs, with Di -C corresponding to centre-points. Gels E-1 to E-34 

refer to extra gels manufactured during recipe optimization. Gels U-1 to U-21 refer to unsuccessful 

gel recipes with poor optical properties or manufacturing problems. At the end of Appendix A, 

Figure A.1 shows the second version of the plots from Figure 2.2, which includes the data from 

unsuccessful replicate gels manufactured with defective gelatin. 

Table A.1: Recipe concentrations and corresponding measured responses for successful RM LCV gels.  

# CTAB [mM] LCV [mM] TCE [mM] A0 DS100 DS600 SR 

D1-1 9 0.75 40 0.022 0.0066 0.0079 1.19 

D1-2 9 0.75 80 0.021 0.0079 0.0093 1.18 

D1-3 9 1.25 40 Refer to Gel # U-3 

D1-4 9 1.25 80 Refer to Gel # U-4 

D1-5 25 0.75 40 0.022 0.0075 0.0082 1.09 

D1-6.1 25 0.75 80 0.022 0.0079 0.0090 1.13 

D1-6.2 25 0.75 80 0.024 0.0089 0.0088 0.99 

D1-7 25 1.25 40 Refer to Gel # U-7 

D1-8.1 25 1.25 80 Refer to Gel # U-8.1 

D1-8.2 25 1.25 80 Refer to Gel # U-8.2 

D1-C.1 17 1 60 0.030 0.0100 0.0105 1.05 

D1-C.2 17 1 60 0.026 0.0089 0.0100 1.13 

D2-1.1 35 1 120 0.027 0.0116 0.0124 1.07 

D2-1.2 35 1 120 0.029 0.0109 0.0116 1.06 

D2-1.3 35 1 120 0.026 0.0118 0.0122 1.03 

D2-1.4 35 1 120 0.024 0.0109 0.0117 1.07 

D2-2.1 35 1 180 0.032 0.0162 0.0153 0.95 

D2-2.2 35 1 180 0.027 0.0125 0.0131 1.05 

D2-2.3 35 1 180 Refer to Gel # U-10.1 
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# CTAB [mM] LCV [mM] TCE [mM] A0 DS100 DS600 SR 

D2-2.4 35 1 180 Refer to Gel # U-10.2 

D2-2.5 35 1 180 Refer to Gel # U-10.3 

D2-3 35 1.5 120 Refer to Gel # U-11 

D2-4 35 1.5 180 Refer to Gel # U-12 

D2-5 45 1 120 0.032 0.0117 0.0113 0.97 

D2-6 45 1 180 0.028 0.0141 0.0136 0.97 

D2-7 45 1.5 120 Refer to Gel # U-15 

D2-8 45 1.5 180 Refer to Gel # U-16 

D2-C.1 40 1.25 150 0.034 0.0149 0.0136 0.91 

D2-C.2 40 1.25 150 0.032 0.0138 0.0138 1.00 

D2-C.3 40 1.25 150 0.035 0.0137 0.0125 0.91 

D2-C.4 40 1.25 150 0.036 0.0151 0.0144 0.95 

D2-C.5 40 1.25 150 0.036 0.0148 0.0138 0.94 

D2-C.6 40 1.25 150 0.033 0.0139 0.0130 0.94 

D3-1 27.5 1.10 190 0.023 0.0122 0.0121 1.00 

D3-2 27.5 1.10 200 0.029 0.0124 0.0130 1.05 

D3-3 27.5 1.15 190 0.026 0.0134 0.0134 1.00 

D3-4 27.5 1.15 200 0.028 0.0130 0.0137 1.06 

D3-5 32.5 1.10 190 0.029 0.0137 0.0142 1.03 

D3-6.1 32.5 1.10 200 0.022 0.0145 0.0141 0.97 

D3-6.2 32.5 1.10 200 0.029 0.0158 0.0151 0.95 

D3-7.1 32.5 1.15 190 0.030 0.0154 0.0149 0.96 

D3-7.2 32.5 1.15 190 0.024 0.0158 0.0149 0.95 

D3-8 32.5 1.15 200 0.030 0.0179 0.0166 0.93 

D3-C.1 30 1.125 195 0.028 0.0153 0.0154 1.01 

D3-C.2 30 1.125 195 0.029 0.0155 0.0145 0.94 

D3-C.3 30 1.125 195 0.035 0.0156 0.0147 0.94 

D3-C.4 30 1.125 195 0.035 0.0175 0.0157 0.90 

D3-C.5 30 1.125 195 0.036 0.0167 0.0160 0.96 

D3-C.6 30 1.125 195 0.034 0.0175 0.0160 0.91    

D3-C.7 30 1.125 195 0.036 0.0174 0.0156 0.89    

D3-C.8 30 1.125 195 0.027 0.0134 0.0134 1.00 

D3-C.9 30 1.125 195 0.022 0.0134 0.0136 1.02 

D3-C.10 30 1.125 195 0.029 0.0133 0.0146 1.10 
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# CTAB [mM] LCV [mM] TCE [mM] A0 DS100 DS600 SR    

D3-C.11 30 1.125 195 0.028 0.0125 0.0133 1.07    

D3-C.12 30 1.125 195 0.029 0.0158 0.0144 0.91    

D3-C.13 30 1.125 195 0.023 0.0122 0.0132 1.08    

D4-1 30 1.10 158 0.032 0.0137 0.0135 0.98 

D4-2 30 1.10 188 0.028 0.0146 0.0142 0.98 

D4-3 30 1.20 158 0.035 0.0149 0.0150 1.01 

D4-4 30 1.20 188 0.031 0.0156 0.0136 0.88 

D4-5 40 1.10 158 0.027 0.0125 0.0122 0.97 

D4-6 40 1.10 188 0.036 0.0144 0.0147 1.01 

D4-7 40 1.20 158 0.031 0.0122 0.0113 0.93 

D4-8 40 1.20 188 0.034 0.0157 0.0159 1.01 

D4-C.1 35 1.15 173 0.035 0.0158 0.0157 0.99    

D4-C.2 35 1.15 173 0.032 0.0144 0.0140 0.97    

D4-C.3 35 1.15 173 0.030 0.0141 0.0143 1.01    

D4-C.4 35 1.15 173 0.030 0.0134 0.0131 0.98    

D4-C.5 35 1.15 173 0.030 0.0128 0.0125 0.98    

D4-C.6 35 1.15 173 0.024 0.0139 0.0144 1.03    

D4-C.7 35 1.15 173 0.028 0.0151 0.0148 0.98 

D4-C.8 35 1.15 173 0.033 0.0130 0.0129 0.99 

E-1 9 0.75 230 0.020 0.0113 0.0109 0.96    

E-2 9 0.75 250 0.020 0.0108 0.0101 0.93    

E-3 9.4 0.76 207 0.040 0.0151 0.0135 0.89 

E-4 14 0.75 267 0.024 0.0151 0.0140 0.93 

E-5 15 1.02 189 0.033 0.0136 0.0137 1.01 

E-6 17.5 1 232 0.035 0.0200 0.0177 0.88 

E-7 17.5 1.25 200 0.035 0.0156 0.0147 0.94 

E-8 20 1.25 204 0.040 0.0172 0.0154 0.90 

E-9 20.1 1.25 195 0.036 0.0163 0.0144 0.88 

E-10 21 0.98 182 0.030 0.0145 0.0136 0.94 

E-11 21 1.18 182 0.034 0.0165 0.0145 0.88 

E-12 24.5 0.75 238 0.020 0.0131 0.0133 1.02 

E-13 25 0.75 120 0.023 0.0100 0.0108 1.07 

E-14.1 26 1.08 192 0.030 0.0146 0.0137 0.94 

E-14.2 26 1.08 192 0.037 0.0153 0.0146 0.95 
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# CTAB [mM] LCV [mM] TCE [mM] A0 DS100 DS600 SR 

E-15 26.3 1.3 85 0.034 0.0097 0.0105 1.08 

E-16 29 1 213 0.033 0.0169 0.0159 0.94 

E-17 30 1 200 0.035 0.0157 0.0151 0.96 

E-18.1 30.4 1.11 187 0.039 0.0167 0.0152 0.91 

E-18.2 30.4 1.11 187 0.034 0.0164 0.0158 0.96 

E-18.3 30.4 1.11 187 0.037 0.0146 0.0147 1.01 

E-19 30.9 1.15 200 0.030 0.0161 0.0149 0.93 

E-20 32 0.75 150 0.025 0.0124 0.0116 0.93 

E-21 35 1 240 0.027 0.0179 0.0155 0.87 

E-22.1 35 1.25 120 0.036 0.0119 0.0122 1.02 

E-22.2 35 1.25 120 0.036 0.0131 0.0133 1.01 

E-23 35.6 1 230 0.031 0.0171 0.0153 0.89 

E-24 36.8 1.13 203 0.035 0.0177 0.0157 0.89 

E-25.1 37.5 1.113 210 0.034 0.0177 0.0165 0.93 

E-25.2 37.5 1.113 210 0.036 0.0183 0.0163 0.89 

E-26 37.5 1.125 145 0.035 0.0118 0.0120 1.02 

E-27.1 37.5 1.125 195 0.035 0.0151 0.0145 0.96 

E-27.2 37.5 1.125 195 0.030 0.0143 0.0145 1.01 

E-28 37.5 1.25 185 0.040 0.0149 0.0145 0.97 

E-29.1 37.5 1.25 195 0.038 0.0150 0.0139 0.93 

E-29.2 37.5 1.25 195 0.036 0.0152 0.0150 0.99 

E-30 40 1.25 210 0.037 0.0210 0.0183 0.87 

E-31.1 40 1.25 240 0.046 0.0224 0.0202 0.90 

E-31.2 40 1.25 240 0.041 0.0240 0.0194 0.81 

E-32.1 40 1.25 270 0.035 0.0276 0.0206 0.75 

E-32.2 40 1.25 270 0.050 0.0273 0.0222 0.82 

E-33 40 1.25 300 0.045 0.0300 0.023 0.77 

E-34 40 1.35 240 0.047 0.0256 0.0202 0.79 
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Table A.2: Recipe concentrations and corresponding A0 of unsuccessful RM LCV gels. 

# 
[CTAB] 

mM 

[LCV] 

mM 

[TCE] 

mM 
A0 Notes 

U-1 9 0.75 230 0.042 Manufactured using a bad batch of gelatin 

U-2 9 0.75 295 - Unstable mixture/phase separation 

U-3 9 1.25 40 0.056 Gel # D1-3: Turbid 

U-4 9 1.25 80 0.046 Gel # D1-4: Turbid 

U-5 9.4 0.76 207 0.040 Manufactured using a bad batch of gelatin 

U-6.1 17 1 0 0.018 Non-linear dose response 

U-6.2 17 1 0 0.022 Non-linear dose response 

U-7 25 1.25 40 0.047 Gel # D1-7: Turbid 

U-8.1 25 1.25 80 0.054 Gel # D1-8.1: Turbid 

U-8.2 25 1.25 80 0.057 Gel # D1-8.2: Turbid 

U-9 32 0.75 150 0.025 Manufactured using a bad batch of gelatin 

U-10.1 35 1 180 0.080 Gel # D2-2.3: Turbid from bad gelatin 

U-10.2 35 1 180 0.140 Gel # D2-2.4: Turbid from bad gelatin 

U-10.3 35 1 180 0.118 Gel # D2-2.5: Turbid from bad gelatin 

U-11 35 1.5 120 0.181 Gel # D2-3: Turbid  

U-12 35 1.5 180 0.186 Gel # D2-4: Turbid  

U-13 40 1.5 147 0.092 Turbid 

U-14 40 1.5 300 - Turbid 

U-15 45 1.5 120 0.180 Gel # D2-7: Turbid 

U-16 45 1.5 180 0.149 Gel # D2-8: Turbid 

U-17 50 1.5 120 0.159 Turbid 

U-18 60 1.35 145 - Viscous & turbid 

U-19 60 1.3 145 0.114 Viscous & turbid 

U-20 70 1.35 145 0.034 Viscous  

U-21 75 1.25 145 0.033 Viscous 
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      (a) 

 
       (b) 

 
          (c) 

Figure A.1: Version 2 of Figure 2.2b)-d), containing unsuccessful replicates manufactured with defective 

gelatin. Ingredient concentrations from successful ( ) and unsuccessful ( , ) gels are plotted for (a) 

[CTAB] vs. [LCV] (b) [TCE] vs. [LCV] (c) [TCE] vs. [CTAB]. All concentration units are in mM. 
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Appendix B 

Statistics methodology  

Statistical significance of parameter estimates was evaluated based on 95% confidence intervals, 

which were calculated using (Montgomery et al., 2007): 

�̂�𝑖 ± 𝑡𝜈,𝛼/2 ∙ 𝑠𝑒(�̂�𝑖) (B.1) 

Where: �̂�𝑖 is the i-th parameter estimate, 𝑡𝜈,𝛼/2 is the two-tail t-distribution value with α = 0.05 and 

ν degrees of freedom, and 𝑠𝑒(�̂�𝑖) is the standard error of �̂�𝑖. The standard error is an estimate of 

the standard deviation, which was determined by calculating the square-root of the estimated 

variance of �̂�𝑖. This refers to the diagonal elements of the covariance matrix shown below:  

[
 
 
 
 
 
 

𝑉𝑎𝑟(�̂�1) 𝐶𝑜𝑣(�̂�1, �̂�2) ⋯  𝐶𝑜𝑣(�̂�1, �̂�𝑛) 

 𝐶𝑜𝑣(�̂�2, �̂�1) 𝑉𝑎𝑟(�̂�2) ⋯  𝐶𝑜𝑣(�̂�2, �̂�𝑛)

⋮ ⋮ ⋱ ⋮

  𝐶𝑜𝑣(�̂�𝑛, �̂�1)  𝐶𝑜𝑣(�̂�𝑛 , �̂�2) ⋯ 𝑉𝑎𝑟(�̂�𝑛) ]
 
 
 
 
 
 

 

 

The covariance matrix for the parameters was calculated using (Montgomery et al., 2007): 

𝑠𝑝
2 ∙ (𝑿𝑇𝑿)−1 (B.2) 

Where: 𝑠𝑝
2 is the pooled sample variance and the X matrix is the coded experimental data with the 

form: 

𝑿 =  

[
 
 
 
 
 
 
1 𝑥11 𝑥12 ⋯ 𝑥1𝑝

1 𝑥21 𝑥22 ⋯ 𝑥2𝑝

⋮ ⋮ ⋮ ⋱ ⋮

1 𝑥𝑛1 𝑥𝑛2 ⋯ 𝑥𝑛𝑝]
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Where: n refers to the number of experimental runs and p refers to the number of parameters. 

Sample variances were calculated from multiple sets of replicate gel experiments and combined to 

calculate a pooled estimate of �̂�2 for the response variables A0, DS and SR: 

𝑠𝑝
2 =

(𝑛1 − 1)𝑠1
2 + (𝑛2 − 1)𝑠2

2 + ⋯+ (𝑛𝑚 − 1)𝑠𝑚
2

𝑛1 + 𝑛2 + ⋯+ 𝑛𝑚 − 𝑚
 

(B.3) 

 

Where: 𝑠𝑖
2 are sample variances of different replicate populations with 𝑛𝑖 observations.  

References for Appendix B 

Montgomery D, Runger G, Hubele N (2007). Engineering Statistics. Hoboken: John Wiley & Sons, 

Inc. 
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Appendix C 

Coded variables and reduced empirical models 

Parameter estimates were calculated using coded variables of [CTAB], [LCV], and [TCE] (in mM) 

according to the following equations: 

𝑥1 =
[𝐶𝑇𝐴𝐵] − 24.5

15.5
 (C.1) 

𝑥2 =
[𝐿𝐶𝑉] − 1.05

0.3
 (C.2) 

𝑥3 =
[𝑇𝐶𝐸] − 170

130
 (C.3) 

 

Reduced versions of the empirical models were fitted for A0, DS (at 100 cGy min-1) and SR as 

functions of coded [CTAB], [LCV], and [TCE]. Bolded parameters are significant to the 95% 

confidence level. 

𝐴0 = 𝟐. 𝟗𝟐 · 𝟏𝟎−𝟐 − 1.72 · 10−3𝑥1 + 𝟕. 𝟐𝟗 · 𝟏𝟎−𝟑𝑥2 + 𝟑. 𝟓𝟔 · 𝟏𝟎−𝟑𝑥3 + 𝟒. 𝟏𝟐 · 𝟏𝟎−𝟑𝑥1
2 (C.4) 

𝐷𝑆(100) = 𝟏. 𝟑𝟑 · 𝟏𝟎−𝟐 + 𝟐. 𝟖𝟐 · 𝟏𝟎−𝟑𝑥2 + 𝟖. 𝟒𝟎 · 𝟏𝟎−𝟑𝑥3 + 𝟑. 𝟑𝟓 · 𝟏𝟎−𝟑𝑥2𝑥3 

                     +𝟑. 𝟔𝟔 · 𝟏𝟎−𝟑𝑥3
2 

(C.5) 

𝑆𝑅 = 𝟗. 𝟖𝟐 · 10−1 − 𝟐. 𝟗𝟏 · 𝟏𝟎−𝟐𝑥2 − 𝟏. 𝟒𝟔 · 10−1𝑥3   (C.6) 

 

The units for A0, DS and SR are cm-1, Gy-1 cm-1, and unitless, respectively.  
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Appendix D 

Residual and parity plots 

Shown in Figures D.1 through D.12, parity plots and residual plots were produced for the full 

models fitted for A0, DS at 100 cGy min-1, and SR.   

 

Figure D.1: Parity plot for A0. 

 

 

Figure D.2: A0 residuals vs. coded [CTAB]. 
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Figure D.3: A0 residuals vs. coded [LCV]. 

 

 

Figure D.4: A0 residuals vs. coded [TCE]. 
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Figure D.5: Parity plot for DS at 100 cGy min-1. 

 

Figure D.6: Residuals vs. coded [CTAB] for DS at 100 cGy min-1. 
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 Figure D.7: Residuals vs. coded [LCV] for DS at 100 cGy min-1. 

 

 
Figure D.8: Residuals vs. coded [TCE] for DS at 100 cGy min-1. 
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Figure D.9: Parity plot for SR. 

 

 

Figure D.10: SR residuals vs. coded [CTAB]. 
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Figure D.11: SR residuals vs. coded [LCV]. 

 

Figure D.12: SR residuals vs. coded [TCE].  
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Appendix E 

Absorption spectra 

The absorption spectra for cuvettes filled with the optimized gel dosimeter re-used twice and three 

times are presented in Figures E.1a) and b). Cuvettes were irradiated at dose-rates of 100 and 600 

cGy min-1 to 0, 10, 20, and 30 Gy. Replicates were irradiated and included in the absorption spectra.  

 
(a) 

 

 
(b) 

 
Figure E.1: Absorption spectra for the proposed gel recipe re-used (a) one and (b) two times. 


