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Abstract 
Living things have evolved and grown in the presence of natural background radiation. Many 

biologic studies have been conducted with levels above natural background, but very few have 

examined sub background levels of radiation. A specialized tissue culture incubator (STCI) was 

constructed to shield against environmental radiation within SNOLAB. GEANT4 simulations of 

the STCI results showed a substantial decrease in dose rate compared to above ground and below 

ground incubator environments at 0.51 nGy/hr (for the STCI) vs 18.51 nGy/hr and 19.1 nGy/hr 

respectively, which equates to a 37.5 fold and 36.3 fold reduction in dose respectively. 

Compared to other sub background experimental dose rates (such as those conducted by Gran 

Sasso), the STCI is lower by a factor of 7.5. Neoplastic transformation assays were run above 

ground using the CGL1 hybridized cell line, both treated with aluminum and without. This 

experiment has laid out the protocol for future below ground assays in SNOLAB using the STCI.  

It has also led to interesting trends worth studying in future experimentation. Compared to the 0 

mGy control, the 3000 mGy dose point was statistically significant (p-value <0.05) both with 

aluminum and without.  

Keywords 

Monte Carlo Modelling, Radiation Physics, Radiation, Biology, SNOLAB, GEANT4, Tissue Culture, 

Dose 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgements 
I would first and foremost wish to thank my supervisors, Dr’s. Doug Boreham and Robert 

Leclair.  Without their guidance and support, none of this would be possible.   

 

I would also like to thank Dr’s Chris Thome and Jake Pirkkanen, who introduced me to the 

world of Molecular Biology and guided me through learning lab/tissue culture work as well as 

acting as sounding boards for my various ideas regarding this research.  

 

The members of the Boreham lab group, without all of you helping me do this not only would I 

likely not be successful in completing this work, but I would be a less happy and healthy 

individual.  

 

Thanks to Dr. Ian Lawson of SNOLAB for his help in analyzing the gamma ray data and 

teaching me how to use Cambio and Interspec properly, as well as performing the HPGe K40 

measurements.   

 

Thanks to Carley Crann and the members of the AE Lalonde AMS laboratory at the University 

of Ottawa for conducting the C14 measurements. You were extremely easy to work with and the 

process you have is very streamlined.  

 

Special thanks to Alexandre Leblanc and Remington Hill for teaching me the world of GEANT4 

and helping me to do this work.  Without you guys, not only would this not have been possible, 

but I would still be pulling my hair out trying to figure things out to this day.  

 

Thanks to Mike Lapointe and the rest of the Physics department for making my time here at 

Laurentian enjoyable and full of laughs, and ultimately helping build me into the scientist I am 

today by acting as my sounding board for all of my crazy ideas.  

 

Lastly, I want to thank my friends, family and especially my girlfriend Alex Jameus for keeping 

me grounded throughout this process and helping me keep my sanity, by acting as my 

collaborators and helping to slow me down and think things through.  

 

 

 

 

 

 



v 
 

Table of Contents 
Thesis Defence Committee .................................................................................................................................................... ii 

Abstract ........................................................................................................................................................................................ iii 

Keywords ............................................................................................................................................................................... iii 

Acknowledgements .................................................................................................................................................................. iv 

List of abbreviations ............................................................................................................................................................ viii 

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

1.1 SNOLAB/REPAIR Project ........................................................................................................................................ 3 

1.2 Natural Background Radiation .................................................................................................................................. 5 

1.3 Specialized Tissue Culture Incubator ...................................................................................................................... 5 

1.4 GEANT4 Simulation Toolkit .................................................................................................................................... 7 

1.5 Linear No Threshold Model Vs Adaptive Response .......................................................................................... 9 

1.6 Aluminum as an Indirect source of DNA damage ............................................................................................ 11 

1.7 Neoplastic Transformation Assay .......................................................................................................................... 11 

1.8 Project aims ................................................................................................................................................................. 12 

1.9 Hypothesis .................................................................................................................................................................... 13 

2 Physics of Radon/Radiation Interactions ..................................................................................................................... 14 

2.1 Radioactive Decay ...................................................................................................................................................... 15 

2.1.1 Radioisotope Activity ........................................................................................................................................ 15 

2.2 Transient Equilibrium ................................................................................................................................................ 18 

2.2.1 Radon Daughter Products ................................................................................................................................. 18 

2.3 Types of interactions/particles ................................................................................................................................ 19 

2.3.1 Photoelectric absorption ................................................................................................................................... 21 

2.3.2 Compton Scattering ............................................................................................................................................ 21 

2.3.5 Pair Production .................................................................................................................................................... 24 

2.3.4 Coherent/Rayleigh Scattering ......................................................................................................................... 25 

2.3.5 Bremsstrahlung radiation .................................................................................................................................. 25 

2.3.6 Charged/Uncharged Particles .......................................................................................................................... 26 

2.3.7 Environmental/Natural Sources...................................................................................................................... 29 

2.4 Gamma/X-ray Attenuation ....................................................................................................................................... 30 

2.4.1 Beer-Lambert Law .............................................................................................................................................. 30 

2.4.2 Linear/Mass Attenuation Coefficient ........................................................................................................... 32 

2.4.3 Absorbed/Equivalent Dose .......................................................................................................................... 34 



vi 
 

3 Methodology ......................................................................................................................................................................... 36 

3.1 Dosimetric Modelling .............................................................................................................................................. 36 

3.1.1 Gamma, Neutron and Muon Simulations ................................................................................................ 37 

3.1.2 Alpha/Beta Dose rate .............................................................................................................................................. 46 

3.1.2.1 Alpha particles ................................................................................................................................................ 46 

3.1.2.2 Beta Particles .................................................................................................................................................. 47 

3.1.3 Total Dose Rate ....................................................................................................................................................... 48 

3.2 Cellular Transformation ............................................................................................................................................ 48 

3.2.1 Cell maintenance ............................................................................................................................................... 48 

3.2.2 Aluminum Exposure ........................................................................................................................................ 49 

3.2.3 Cell Irradiation ................................................................................................................................................... 49 

3.2.4 Transformation Assay ..................................................................................................................................... 50 

3.2.5 Statistical Analysis ............................................................................................................................................ 51 

4 Results ..................................................................................................................................................................................... 52 

4.1 Dosimetric Modelling .............................................................................................................................................. 52 

4.1.1 Gamma, Neutron and Muon simulations ................................................................................................ 52 

4.1.2 Alpha/Beta dose rate ...................................................................................................................................... 56 

4.1.3 Total Dose Rate .................................................................................................................................................. 57 

4.2 Transformation Assay results .............................................................................................................................. 58 

5 Discussion .............................................................................................................................................................................. 61 

6 Conclusion ............................................................................................................................................................................. 70 

Appendix A ............................................................................................................................................................................... 72 

Appendix B ............................................................................................................................................................................... 80 

References.................................................................................................................................................................................. 82 

 

 
 

 

 

 

 

 

 



vii 
 

 

Table of Figures 

Figure 1: Chemical sciences laboratory facilities present within SNOLAB housing the REPAIR project. 4 

Figure 2: The STCI ....................................................................................................................... 7 

Figure 3:interaction cross sections of materials up to 30 MeV ...........................................................20 

Figure 4: An illustration of Compton scattering with an electron .......................................................22 

Figure 5: Schematic of bremsstrahlung emission .............................................................................26 

Figure 6: Attenuation schematic of two different mediums with differing attenuation coefficients .........31 

Figure 7: simple schematic showing interaction cross sections (dark circles) within a slab of material ...33 

Figure 8:Simple schematic showing a photon (hν) entering volume V ...............................................34 

Figure 9: Depiction of the coordinate system and the half lengths ......................................................38 

Figure 10: HepRep visualization of the STCI, underground and above ground incubators. ....................41 

Figure 11: Top down view of STCI geometry .................................................................................42 

Figure 12: General particle source representation of the GEANT4 simulation .....................................43 

Figure 13: Probability γ-spectrum for above and below ground environments .....................................44 

Figure 14: The dose rate from GEANT4 particle types in the three simulated lab environments ............52 

Figure 15: Simulated dose deposited within the scoring volume from Neutron primaries . ....................55 

Figure 16: Activity concentration of the RAD7 measurements. .........................................................56 

Figure 17: Calculated Alpha particle dose rates ...............................................................................57 

Figure 18: Transformation frequency results as a function of radiation dose in CGL1 cells. ..................59 

Figure 19: Transformation frequency results as a function of radiation dose in CGL1 cells treated with 

aluminum. ..................................................................................................................................60 

 

  

file:///C:/Users/KennedyK/Documents/Konnor%20Thesis%20(Updated).docx%23_Toc44866558
file:///C:/Users/KennedyK/Documents/Konnor%20Thesis%20(Updated).docx%23_Toc44866558


viii 
 

List of abbreviations 
 

mGy/Gy   Milli-Gray/Gray 

NBR    Natural Background Radiation 

STCI    Specialized Tissue Culture Incubator 

WIPP    Waste Isolation Pilot Project 

REPAIR Researching the Effects of the Presence and Absence of Ionizing Radiation 

NOSM    Northern Ontario School of Medicine 

CR    Cosmic Radiation 

40K    Potassium-40 Isotope 

14C    Carbon-14 Isotope 

CO2    Carbon Dioxide gas 

O2    Oxygen gas 

N2    Nitrogen gas 

LNT    Linear No Threshold Hypothesis 

CT    Computed Tomography 

 



1 
 

 

                                                           

1 Introduction 
Ionizing radiation has been present within mammalian life since the dawn of our natural 

existence, with some individuals claiming that it is absolutely essential for the development of 

life on earth (1,2). It is present in a myriad of forms, including galactic cosmic radiation from 

extra-terrestrial sources, Uranium decay products, as well as natural isotopes present within 

mammalian life (1). Much is known about the effects of higher than background levels of 

radiation, and many studies have been conducted on the subject, generally above 100 milli-gray 

(mGy) of radiation dose (3). However, little is known about what occurs when we remove 

radiation from the equation. Studies have shown that when ionizing radiation is removed from 

cellular life, growth rates are altered, and when it is reintroduced the cells proliferate normally 

(4–6). These studies used various shielding methods, including lead, and many were conducted 

in underground laboratories. Additionally, DNA repair mechanisms and free radical scavenging 

ability seemed to be compromised when the cells were cultured below background levels (7–9). 

These genotoxic changes also lead to increased numbers of mutations (7–9).  

The difficulty that many of these studies had was eliminating the high levels of cosmic 

radiation present within natural background radiation (NBR) (1). The solution is to conduct 

experiments deep underground, shielded from cosmic radiation at a facility such as SNOLAB, a 

particle physics research centre located within the Creighton Mine in Sudbury, Ontario (1). 

However, one issue presented with such a lab environment is the high levels of radon gas 

present, due to the high levels of Uranium-238 present within the rock surrounding the 
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laboratory (1,2). As a result, a specialized tissue culture incubator (STCI) has been constructed 

and placed within SNOLAB for cellular culture work. The STCI is fed with gas from 

compressed gas cylinders, that have been aged to allow for substantial radon decay. Additionally, 

within the STCI itself there is a lead “castle” to shield from residual gamma radiation. These 

modifications to the experimental interface make this the optimal environment to study sub-NBR 

levels. However, because the background dose rates in the STCI are so low, it also makes it 

incredibly difficult to accurately measure the radiation dose rate from the various sources. The 

method used within this body of work consists of Monte-Carlo methods to simulate dose 

deposited by different particles. This model considers the in-air radon concentration both above 

and below ground at SNOLAB, above and below neutron flux from cosmic radiation, above and 

below gamma contaminant flux, above ground muon flux, and beta particle dose. As stated 

earlier, the STCI has a specialized lead castle inside which is the environment where cells will be 

grown.  The two other incubators both above ground and underground use ThermoFisher Forma 

II (ThermoFisher) standard dimensions and are approximated as stainless-steel housing. These 

incubators are standard cellular culture incubators, one of which is seen in the far-left side of 

Figure 1. The different above and below ground energy spectra contribute differing amounts of 

incident particles due to rock shielding present below ground and due to the decay of 

radionuclides in the surrounding rock (1,10). The absorbed and deposited dose was critical to 

quantify, as cellular experiments will be conducted both above and below ground to examine the 

biological effects of different radiation environments. It was hypothesized that the background 

radiation dose rate within the STCI would be less compared to both standard incubators. This 

was supported by the Monte Carlo simulation.    
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1.1 SNOLAB/REPAIR Project 

SNOLAB first opened in 1999 in the Creigton Nickel mine in Lively, Ontario, just outside 

of Sudbury (1,11). The lab space is situated 2.07 kilometers below the earth, with a large rock 

overburden equivalent to 6010 meters of water (11). This rock almost completely absorbs the 

cosmic ray background, thus making SNOLAB an optimal location for doing astrophysics 

research where any cosmic rays would make distinguishing particles such as neutrino’s 

extremely difficult (1,11). SNOLAB is a class 2000 clean facility, meaning that there are 

minimal levels of any large particulate matter (1).  Staff are also required to shower and clean 

themselves before entering the facilities to eliminate any wayward particulates which could 

compromise the experiments within SNOLAB (1,11). This is one of the more unique 

components of the SNOLAB facilities, and one of the facets that has made it one of the most 

successful underground research programs in the entire world (11). Other underground research 

programs include the LNGS in the Gran Sasso mountain in Italy as well as the Waste Isolation 

Pilot Project (WIPP) which is a nuclear waste storage facility in New Mexico (1). These 

experiments however, do not present the same ability to eliminate environmental radiation as 

SNOLAB due to SNOLAB’s large mean water equivalent (1). These characteristics make 

SNOLAB ideal for detecting any biological changes due to the absence of radiation. Thus, 

Researching the Effects of the Presence and Absence of Ionizing Radiation (REPAIR) was 

established within the SNOLAB clean facilities. Figure 1 corresponds to the life sciences 

laboratory facilities in SNOLAB. This figure does not include the STCI but does include the 

underground incubator which is seen on the far-left side of the figure.  The actual underground 

incubator is similar in construction to the aboveground incubator, while the simulated incubators 

are identical. These two environments act as the underground and above ground control groups. 
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The reason why these two control groups exist is due to cells being grown both underground (in 

SNOLAB) and above ground at the Northern Ontario School of Medicine (NOSM). There are 

different levels of radiation at both SNOLAB and NOSM, and cells grown in these two 

environments will be compared back to cells grown in the STCI. These incubators also make up 

two of the environmental geometry constructions within the simulation, whose construction will 

be discussed more in-depth in proceeding sections. 

 

Figure 1: Chemical sciences laboratory facilities present within SNOLAB housing the REPAIR 

project. The red arrow indicates the underground incubator. 

 

REPAIR operates under the hypothesis that organisms have constantly been exposed and have 

even evolved with the presence of natural background ionizing radiation and that removal of that 

radiation will cause genomic instability as well as an increased response to stressors placed on 

cells (1). An example of one of these stressors being ionizing radiation, with an example of the 

response being the detrimental impact a lack of radiation has on the DNA repair mechanisms (8–

10). The SNOLAB environment was hypothesized to have the lowest background radiation dose 

rate in the entire world (1). As a result, it was critical to characterize the radiation dose rates to 

understand the different radiation environments that cells will be exposed to.  
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1.2 Natural Background Radiation 

Radiation is always present within day to day life on earth (12). It is found within rocks, 

soil and even within food that we eat (12).  Much of the radiation emanating from rocks are the 

result of Uranium decay (12).  As a result, there is no place on earth that we are not subjected to 

some form of ionizing radiation. Most of this exposure is due to radon gas inhaled and ingested 

in the form of particulate exposure through air and drinking water (12). Radon gas is also one of 

the largest contributors of exposure present within the REPAIR environment within SNOLAB, 

as well as within the Creighton Mine environment overall (1). Another source of NBR is that of 

cosmic radiation (CR).   CR is radiation due to situations such as solar flares, neutron star 

collapse, and intergalactic radiation (12). The flux, or intensity, of the CR component present 

within the NBR increases as the detector or individual measuring gets further from sea level, 

with increasing altitude (12). The inverse is of course true, making areas deep underground 

shielded from CR contaminants. The neutron component of the CR is produced due to 

ionizations within the atmosphere, causing production of ions such as tritium (12). Other 

naturally occurring isotopes present within the NBR include Carbon 14 (14C) which is present in 

essentially all organic material on earth, and the primordial radionuclide potassium 40 (40K) 

which is present in foods such as bananas (12). This is particularly important within REPAIR as 

these isotopes are present quite extensively within the cellular growth media which means cells 

are exposed constantly to 40K and 14C decay.  

1.3 Specialized Tissue Culture Incubator 

The STCI was constructed to shield against residual NBR levels present within SNOLAB 

due to gamma rays and radon gas/decay as well as the daughter products. The STCI is 

constructed of stainless-steel panels, as well as an acrylic window for viewing into the STCI. 
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This alone is quite effective at shielding against residual gammas within SNOLAB.  Within the 

STCI, there is also a lead encased incubator (Lead Castle) which has all of the same 

environmental regulators as a standard incubator (Carbon Dioxide (CO2), oxygen gas (O2) 

…etc). This lead housing was constructed to shield against gamma photons. The actual operation 

of the STCI incubator compared to standard tissue culture incubators is quite different. The 

interior air of the lead castle is heated by a strip heater. The heating element is contained within 

1.5ʺ thick insulation and is installed under the lead castle, between the table and stainless-steel 

base plate. A temperature sensor is installed within the lead castle as well as at the floor base to 

monitor the internal and external temperature respectively. CO2, O2, and nitrogen gas (N2) are 

fed into the STCI by gas lines whose flow rates are regulated by a valve-controlled panel seen in 

Figure 2B. This gas is also aged for a period of one month to allow for radon that may have 

accumulated to decay to prevent any radiation contamination within the STCI. The temperature, 

and gas concentration levels are regulated by various sensors, similar to standard tissue culture 

incubators. To transport objects into and out of the STCI, a purge/airlock system was developed.  

This is accomplished by two handwheel operated doors, one from the exterior and one from 

inside the STCI. All materials entering the inner STCI chamber must pass through this purge 

chamber. There is a valve controlled N2 gas line feeding directly into the purge chamber. Before 

the inner airlock is opened, the airlock chamber is purged with N2. This was utilized to determine 

the flushing time required for the STCI purge chamber after transferring items from the 

laboratory space through the airlock. After 30 minutes of purging this results in a factor of 100 

reduction in radon concentration in the air at which point the inner purge chamber door is opened 

and materials transported internally, into the STCI.  The entirety of the STCI construction is 
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visualized within Figure 2A. This makes up the third environmental geometry of the simulation 

and is the experimental group.  

 

Figure 2:A) the STCI. The lead bricks encasing the incubator environment are visible within the 

STCI.  B) the gas regulator apparatus. 

 

Work done in prior labs only used fan purging of radon and some lead shielding to lower the 

NBR present (4,5,9,10,13). The five sources of radiation that we are concerned most with are 

that of radon gas (alpha particles), gamma contaminants from rock and residual CR, neutrons 

from the atmosphere, muons from the atmosphere, and beta particles from the cellular growth 

medium. A mixture of quantitative and simulation methods to calculate the radiation 

environment were used in this study, using the 5 sources of radiation just mentioned. 

1.4 GEANT4 Simulation Toolkit 

The simulation component of this research uses fundamental equations in particle physics 

to generate probabilities of interactions as well as interaction lengths. These equations, 

depending on the physical situation, are insufficient in yielding analytic/numerical results.  As a 

result, many people use Monte Carlo methods to arrive at a probabilistic result to the physical 

situation, such as the dose deposited within a volume from a complicated global source. A 

A 
 

B 
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common tool used to conduct these types of experiments is the GEANT4 C++ simulation toolkit.  

Developed initially at CERN, and then eventually as a large worldwide collaboration, GEANT4 

is a robust and versatile toolkit capable of dealing with problems posed within particle, nuclear, 

and medical physics scenarios (14). GEANT4 is capable of simulating passage of the various 

particles through different materials generated within the simulation geometry.  It treats each 

photon and particle generated from the source as an individual entity, and calculates the 

outcomes such as probability of interaction, scatter production, and eventually whether the 

radiation will stop within the scoring volume (14). Each of these discrete steps is handled 

individually. The system uses random number generation to assign a probability, or weight, to 

each of these interactions and from there you track the particle from its source until it either 

deposits its energy or leaves the world volume. This leads to the calculation of dose deposited by 

the primary and secondary particles generated by the differing materials within the geometric 

situation. GEANT4 is particularly useful in this instance because it is incredibly difficult to 

quantify the amount of radiation in the STCI in the SNOLAB environment due to the low 

number of particles/photons (gamma, alpha, beta) present. Most dosimetry equipment is not 

sensitive enough for quantification of such low levels of radiation. From here, GEANT4 gives 

you the raw data of the situation which you can then analyze using various methods. The whole 

function of utilizing this toolkit was to accurately quantify the three radiation environments 

which will be used by the REPAIR project to conduct future cell culture experiments to 

investigate existing paradigms within the fields of radiation biology and medical physics in novel 

ways.  The main paradigm which will be challenged with future sub-background biological 

experiments, is the linear no threshold (LNT) model.  
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1.5 Linear No Threshold Model Vs Adaptive Response 

The LNT and adaptive response (or hormesis) models are the cause of much debate within 

the radiation biology and radiation protection communities. LNT states that the cancer risk is 

directly proportional to the radiation dose (15–18). Thus, even an incredibly small amount of 

radiation should increase the risk in an absolute linear fashion (15). This model is an inherently 

conservative and simple approach, which is why it is ubiquitous within the fields of radiation 

protection and health physics, where protection of the public and minimizing risk is of 

paramount importance (15,18). The actual biological mechanisms below 100 mGy of  radiation 

dose is however, not well understood and much work is being done to characterize and 

understand the dose-response relationship in the low dose region (19–22). The current LNT 

framework is primarily characterized using high dose radiation (HDR) studies, and then 

extrapolating down to the low-dose levels, with the assumption that no threshold exists for 

neoplastic changes/increases in cancer risk (17,18). At sub-background levels of radiation, if the 

LNT hypothesis is to hold, then it would be expected that neoplastic transformation risk would 

be reduced given that the levels of radiation present would be much lower (15–18,23). Studies 

conducted within various sub-background laboratories in fact show the opposite effect (8–

10,13,24). The transformation risk shown thus far actually increases when exposed to sub-

background levels of radiation. Various mammalian cell lines showed impeded growth 

characteristics as well as reduced repair capacity when cultured for long periods of time within 

these sub-background environments (8–10). These data suggest that an adaptive 

response/hermetic relationship might exist at low doses.  

The hermetic model is characterized by a reduction in risk following low doses of 

radiation, below background levels. Studies conducted by the labs of Azzam, Stanbridge, and 
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Redpath showed that exposure to radiation within the diagnostic ranges (1 mGy to 1Gy) resulted 

in decreased transformation frequencies compared to control unexposed cells (19,20,22,25,26). 

These control cells would have been exposed to natural backround radiation. One of the poignant 

characteristics of these studies is the J-shaped curve, which is characteristic of the adaptive or 

hormesis response (22,25). In general, hormesis is the incitement of a systemic response from 

low doses of some type of introduced agent.  This includes drugs, foods, and natural 

environmental factors such as radiation (27).  

Mammalian cells and human beings are exposed to ionizing radiation daily through the 

various forms stated earlier (12,15,16). Also worth noting, are the diagnostic exposures 

experienced by the general population, which make up half of the yearly equivalent dose rate 

(18,23,28). Especially prevalent within North America is the increased use, and by association 

population exposure to, examinations such as general radiography (including mammography), 

computed tomography (CT), fluoroscopic/angiographic studies, and nuclear medicine studies 

(18,23,28). Various studies cited here have shown that exposures within this diagnostic range 

oppose the LNT hypothesis in that neoplasm formation rates are decreased compared to the 

natural baseline. In the case of the study presented by Lemon et al. (28), there was a 

protective/age prolonging effect when cancer prone mice were exposed to diagnostic CT scans, 

coupled with a 4 Gy challenge dose. Biologically, thus far there does not seem to be a concrete 

consensus regarding the validity of the LNT model, and there is mounting scientific evidence in 

favor of the adaptive response model (16). However, much work still needs to be done in order 

to reach a conclusion, and this can be achieved with advances in technology and scientific 

techniques. The research presented in this thesis is the precursor to many studies that will be 

conducted by the REPAIR project to investigate both trains of thought regarding the LNT and 
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adaptive response hypothesis. The Monte Carlo modelling will characterize the radiation 

environments that these cells will be growing in.  

1.6 Aluminum as an Indirect source of DNA damage 

Aluminum is the third most plentiful element within the earth’s crust and is commonly 

ingested by the general population through their drinking water, food additives, as well as 

through cooking products (29). Aluminum has also been shown to cause increased levels of 

DNA double stranded breaks in mammalian cell lines (MCF10A, and NuMG) as well as causing 

abnormal rates of cellular growth (30,31). This is hypothesized to be due to inhibition of DNA 

repair mechanisms (30,31).  Aluminum has also been shown to inhibit DNA repair rates in 

human peripheral blood lymphocytes (32). The synergistic relationship of radiation and 

aluminum has also been examined, through histopathological means, and was shown to induce 

changes within the Paneth/crypt cells of rat small intestines, a region of radiosensitivity (33).  

One of the most efficient ways of testing cancer induction is through means of the neoplastic 

transformation assay.  

1.7 Neoplastic Transformation Assay 

 

The transformation assay is a common assay conducted with the CGL1 human hybridized 

cell line (19,20,34,35).  CGL1’s were hybridized from a normal skin fibroblasts and malignant 

cervical epithelial HeLa cells (34). A striking difference between these two cell lines being that 

the fibroblast portion is senescent and non tumor forming when injected into nude mice, and the 

HeLa portion is rapidly dividing and readily forms tumors when injected (36). These cells 

transformative characteristics are teetering somewhere in the middle between their normal and 

malignant parents, making them incredibly useful for studying environmental stressors such as 
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radiation and various other toxicological agents (34). One of the more striking characteristics of 

the CGL1 cell line is the fact that it has duplicate sets of chromosomes given that it is the fusion 

of two cell types (36).  The CGL1’s are non-tumorigenic when injected into nude mice, meaning 

that they are genetically stable and non-tumor forming (35,36). However, these cells do still have 

a low baseline rate of in-vitro transformation when grown in culture (37,38). This is in direct 

contrast to the gamma irradiated sub-breed the CGL3’s, which form tumors in nude mice when 

injected and readily transform in culture. The CGL3 cells are therefore used as a positive control 

for the assay (34,36,39).   The neoplastic transformation assay was created by the lab of Dr. J.L. 

Redpath of the University of California Irvine. These assays were extensively optimized for 

many years, accounting for things such as density of cells, specific types of serum to grow the 

cells with, temperature and carbon dioxide levels, and even inter-medium pH levels (19–

22,35,36,39–41). This assay system has the  flexibility to examine numerous cellular 

environmental stressors (36). The research conducted here utilizes this method to examine 

simultaneous stressors on the rate of transformation.  

1.8 Project aims 

This project had two specific aims. The first aim was to determine the background 

radiation dose rate within the three radiation environments that will be utilized by the REPAIR 

project. Initially this meant quantifying all possible sources of radiation within each 

environment. This was followed by GEANT4 simulations to calculate the actual absorbed dose 

rate in water. The second overall aim was to conduct neoplastic transformation assays to identify 

if an adaptive response exists for transformation frequency when CGL1 cells were subjected to 

low dose radiation. Cells were also exposed to aluminum to see if radiation and aluminum act 

synergistically with respect to transformation frequency.  
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1.9 Hypothesis 

 This research project has three hypotheses.  First, as stated within the preceding sections, 

it seeks to examine the relationship between three different radiation environments, and the 

effectiveness of the STCI geometry at reducing the dose deposited by the radiation. Due to the 

constituent parts of the STCI, it is hypothesized the dose deposited by various particles within 

the STCI will be reduced relative to above and below ground control environments. The second 

relationship examined is neoplastic transformation frequency with increasing radiation doses.  It 

is hypothesized that low levels of radiation will suppress transformation frequency below the 

level of the 0 mGy control cell population. The third hypothesis is that aluminum will cause an 

increase in neoplastic transformation rate when compared to untreated control groups (0 mGy) as 

well as 3000 mGy cell groups.  

.  
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2 Physics of Radon/Radiation Interactions 
Ionizing radiation is defined as radiation passing through space with enough energy to 

elicit an ionization from the interacting media (42,43). This can occur through inorganic material 

(elements such as lead, aluminum, calcium…etc) as well as through organic material, such as 

cellular nuclei (42,43).  These interactions have a myriad of process mechanisms, including but 

not limited to, Compton scattering, Coherent scattering, Photoelectric absorption, as well as 

bremsstrahlung production (42,43). The likelihood of these events occurring are calculated using 

interaction/probability cross-sections (42,43). These radiation events can be caused via galactic 

sources, terrestrial sources (isotopes), as well as man-made sources (x-ray tubes) (42,43). The 

primary source present within this body of work, is that of terrestrial, most importantly that of 

radon gas from the large rock overburden at SNOLAB (11). These particles also all follow 

attenuation/transport laws and decay laws which are similarly derived. Another important 

physical parameter to consider within the experimental setup is the rate at which radon diffuses 

through various transport gradients.  This chapter attempts to explain the physical phenomena 

associated within the experimental setup as well as the various present mechanisms.  
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2.1 Radioactive Decay  

Unstable radioisotopes undergo various decay schemes to reach stability (42–44). These 

processes include alpha, beta, and gamma emission.  The rate at which these isotopes decay and 

transition is known as their activity, which is denoted by A and is influenced by the initial 

number of particles (No) and the decay constant (λ), which will be discussed throughout this 

section. The particular importance of radioactive decay to the REPAIR project and the three 

environments lies in the activity concentration of radon in the air as well as its relationship to its 

daughter products and their particular transient relationship. The rates of decay of 40K and 14C 

are also of particular importance. This will be discussed in subsequent sections.   

2.1.1 Radioisotope Activity 

An isotopes activity depends on the rate at which it is decaying, which directly depends 

on the probability that a particle will decay and the number of particles present (42–44). This 

relationship is represented by the following equation, which is a simple first order separable 

differential equation: 

𝑑𝑁

𝑑𝑡
= −𝜆𝑁                  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

With 
𝑑𝑁

𝑑𝑡
 representing the decay rate, λ being the decay probability (or decay constant), and N 

representing the number of particles present.  

Table 1: Isotopes present within the simulation, along with half lives (in seconds) and decay 

constants (in inverse seconds). 

                 Isotope T1/2 (s) λ (s-1) 

40K 3.95x1016 1.76x10-17 

14C 1.81x1011 3.83x10-12 
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222Rn 3.28x105 2.11x10-6 

218Po 1.86x102 3.72x10-3 

214Pb 3.82x104 1.82x10-5 

214Bi 1.18x103 5.84x10-4 

214Po 1.64x10-4 4.22x103 

 

The decay constant, also known as the transition probability, is derived from a quantum 

mechanical standpoint using Fermi’s golden rule. The decay constants of the isotopes present in 

this study are present in table 1. The transition probability depends on the strength of the 

coupling potential between the initial and final states of the atom, and how many different 

possible states can occur (known as the density of states) (45,46). This typically takes the form: 

𝜆 =
2𝜋

ℏ
⟨𝜓𝑓|𝑉|𝜓𝑖⟩

2
𝜌𝑓                              (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

With V representing the coupling potential operator, 𝜓𝑓 representing the wave function of the 

final state, 𝜓𝑖 the wave function of the initial state and 𝜌𝑓 representing the density of the final 

states. Alternatively, this can be written in integral fashion as: 

𝜆 =
2𝜋

ℏ
(∫𝜓𝑓

∗𝑉𝜓𝑖𝑑𝑣)
2

𝜌𝑓                      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) 

The only difference in this form being the 𝜓𝑓
∗ term, which is the Hermitian conjugate of the final 

state.    

Closely related to the decay constant is the concept of the half life. The half life is the 

time it takes for the isotope to decrease by half by physical processes, which then leads to 

radiation emission (43).  After one half life the isotope has decreased by 50%.  After a second 
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half life it has decreased by an additional 50% (down to 25% of the initial value), and so on and 

so forth. Mathematically, the scenario is as follows: 

𝑁 = 𝑁𝑜
1

2
                             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4) 

Equation 4 represents the first half life. N meaning the number of particles after some time t.  

𝑁 = 𝑁𝑜
1

4
 (𝑜𝑟 (

1

2
)
2

)              (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5) 

Which represents the second half life. 

𝑁 = 𝑁𝑜
1

8
 (𝑜𝑟 (

1

2
)
3

)             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6) 

This represents 3 half lives.  Say that the half life in this scenario is 3 days. The second and third 

half lives will be in 6 and 9 days respectively. In order to equate the two scenarios, we need to 

divide by the half life. So, the equation then becomes: 

𝑁 = 𝑁𝑜 (
1

2
)

𝑡
𝑇1/2

         (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7) 

Re-arranging the equation, and taking the natural logarithm of each side leaves us with: 

ln
𝑁

𝑁𝑜
=

𝑡

𝑇1/2
ln
1

2
           (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8) 

Further simplification and multiplying by (e) leaves this with the well-known decay law: 

𝑁 = 𝑁𝑜𝑒
(
ln 1−ln2
𝑇1/2

)𝑡
,   𝑁 = 𝑁𝑜𝑒

(
− ln 2
𝑇1/2

)𝑡
 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 𝑁 =  𝑁𝑜𝑒

−𝜆𝑡      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9)   

with λ defined as: 

𝜆 =
ln 2

𝑇1/2
                    (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10) 

Equation 10 has units of one over time (or in metric SI units, inverse seconds).  Equation 9 can be 

similarly derived by separating/grouping like terms, integrating and setting boundary conditions: 



18 
 

∫
𝑑𝑁

𝑁

𝑁

𝑁𝑜

= −𝜆∫ 𝑑𝑡
𝑡

0

        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 11) 

Which brings attention back to equation 10. Recalling that the decay rate or Activity (A) is equal 

to λN, and therefore: 

   𝐴 = λ𝑁𝑜𝑒
−𝜆𝑡 , 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜   𝐴 = 𝐴𝑜𝑒

−𝜆𝑡                           (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 12)       

with Ao representing the initial activity of the isotope at time t=0, with initial particle number of 

No. This is the well-known radioactive decay law. Activity has units of decay per second or 

inverse seconds (s-1), which is also known as the Becquerel for Henri Becquerel who discovered 

radioactivity by studying uranium salts and shared the Nobel prize for physics in 1903 with 

Pierre and Marie Curie (43). An alternative unit of activity is known as the Curie (Ci) which is 

defined as 1 decay per second of 1 gram of Radium-226, which has an activity of 3.7x1010 

decays per second, or alternatively stated as 1 Ci = 3.7x1010 Bq (42).   

2.2 Transient Equilibrium 

2.2.1 Radon Daughter Products 

Within the underground environment, as mentioned earlier, there is a large concentration 

of Uranium-238 within the surrounding rock.  Although U238 is of little consequence since it is 

not an inert gas and cannot diffuse out of the rock, its daughter product Radon-222 is an inert gas 

and is one of the largest contributors of natural background radiation (2,12). It has a short half 

life of approximately 3.8 days.  Radon decays serially, until it reaches the stable isotope Lead-

206. This occurs in the following series: 

𝑅𝑛222
86

𝛼
→ 𝑃𝑜218

84
𝛼
→ 𝑃𝑏214

82
𝛽−

→ 𝐵𝑖214
83

𝛽−

→ 𝑃𝑜214
84 → ⋯ 𝑃𝑏206

82  
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Within the case of radon and its short lived daughter progeny, the activity of the daughter 

is approximately equal to that of its parent, and as such given the much more substantial particle 

burden of the parent isotope, contributes almost all of the dose within the underground lab 

environment and much of the STCI. Radon is in a state of transient equilibrium, which is 

represented by equation 13, which is a simplification of the well known Bateman equations 

(47,48). 

 

𝐴𝑑
𝐴𝑝
=

𝜆1
𝜆1 − 𝜆2

                     (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 13) 

With Ad representing the daughter activity and Ap representing the activity of the parent.  𝜆1 

represents the decay constant of the parent isotope, with 𝜆2 representing the daughter isotope.  

 

2.3 Types of interactions/particles 

 

 The likelihood of a particle producing various other secondary particles depends on 

various factors, not limited to the atomic number (Z) of the material, the energy of the incoming 

particle and also the number density of the target/material (ratio of Avogadro’s number to the 

atomic weight of the material). All of these factors considered are known as the interaction 

probability, which then mathematically show the probability of a particular particle resulting 

from the interaction. Within this particular simulation, there are three materials of particular 

interest, consisting of the water-based scoring volume, the lead bricks encasing the tissue culture 

environment, and the stainless steel (which is generally a hybrid of nickel and iron). Figure 3 

represents the ratio of interaction specific probability cross sections (coherent, photoelectric, 

Compton and pair production being the interactions in question) to total cross section, with 
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energy being present on the X-axis. Figure 3A is the cross-section plot of water, which visualizes 

the lack of Z-dependence of Compton scattering, given that for much of the energy range it is 

primarily of Compton origins. Figure 3B represents that of Lead, which is a high Z element, 

which is part of the reason why Lead is used frequently in radiation protection. It is quite 

apparent that a large proportion of the lower energy interactions are dominated by photoelectric 

interactions, with Compton interactions taking place in higher energy ranges. The iron and nickel 

plots are very similar, and given that their Z number is lower than that of lead, we can see about 

60% versus 40% ratio of Compton interactions to photoelectric interactions respectively. Further 

descriptions of these resultant interaction types are given next.   

 

 

 

 

Figure 3:interaction cross sections of materials up to 30 MeV. The x-axis extends to 100 MeV. 

The cross sections of nickel and iron are shown, given that stainless steel (which the STCI and 

incubators are constructed of in GEANT4) is generally a hybrid of these two materials. A) 
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represents the interaction cross sections of water, normalized to the total cross section of all 

interaction types as a function of energy.  B) represents the interaction cross sections of lead, 

normalized to the total cross section of all interaction types as a function of energy. C) 

represents the interaction cross sections of iron, normalized to the total cross section of all 

interaction types as a function of energy. D) represents the interaction cross sections of nickel, 

normalized to the total cross section of all interaction types as a function of energy.  

2.3.1 Photoelectric absorption 

The photoelectric effect is one of the predominant interactions occurring in the diagnostic 

energy range below 200 keV. Broadly generalized it involves the interaction of an incident 

photon with an inner electron within the atom’s atomic radius. This can occur if the kinetic 

energy of the photon is higher than the binding energy of the electron.  So, the resulting energy 

of the ejected electron is the energy of the electron minus the binding energy of the atom. The 

resultant ejected electron is filled by an outer shell electron which releases a characteristic 

photon with the energy of the difference between the inner and outer orbits. This occurs 80% of 

the time in the K-shell of the interacting atom, and as such we are generally concerned with the 

“k-edge” of the atom (42).  On occasion, another process which directly competes with 

characteristic photon emission is emission of an Auger electron. As the cascade of electrons 

causes the characteristic photon to be emitted, there is a chance that the photon is absorbed by an 

outer shell electron, which is then emitted, which is the Auger electron (42,43). The probability 

cross section () of a photoelectric interaction increases with increasing atomic number, 

increasing approximately proportional to Z3
 (42). This process is visualized in figure 3A.  

 

2.3.2 Compton Scattering 

Compton scattering occurs when an incident photon interacts with an outer shell atomic 

electron (43).  Part of the incident energy (h) is transferred to the loosely bound electron which 

is ejected with angle , while the scattered photon continues on with the remainder of its energy 
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h/ at scatter angle  (43). This is illustrated in figure 4. By conservation of momentum/energy, 

the energy of the free electron can be shown to be: 

𝐸 = ℎ𝜈 − ℎ�́�                 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 14) 

 

 

Figure 4: An illustration of Compton scattering with an electron which is at rest at the origin. h 

represents the initial energy. h/ represents the energy of the scattered photon.  E represents the 

energy of the Compton electron.  represents the angle of the scattered photon.  represents the 

angle of the Compton electron.          

Where the energy of the scattered photon post interaction: 

ℎ𝜈 =́
ℎ

1 + 𝛼(1 − 𝑐𝑜𝑠𝜃)
                  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 15) 

          

with α representing the fraction of the incident energy, to the energy of an electron at rest with 

energy of 0.511 MeV within equation 15.  As such, the units of h should be conversely 

converted to mega-electron volts (43). The reciprocal scattered electron angle (φ) is given by:                                        

cot𝜑 = (1 + 𝛼)tan( 𝜃/2)         (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 16) 
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The scattered photon has minimal energy when scattered at right angles (90 degrees), and 

maximum energy when the scattering angle is minimized (42).  

 

The differential cross section is given by the Klein-Nishina equation with the general 

form: 

 

𝑑𝜎𝐾𝑁
𝑑

=
𝑟𝑜
2

2

(1 + 𝑐𝑜𝑠2)

(1 + 𝛼(1 − 𝑐𝑜𝑠)2
{1 +

𝛼2(1 − 𝑐𝑜𝑠)2

(1 + 𝛼(1 − 𝑐𝑜𝑠)(1 + 𝑐𝑜𝑠2)
}            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 17) 

              

with some simplification via factoring alpha ratios and trigonometric identities, becomes: 

=
𝑟𝑜
2

2
(
ℎ�́�

ℎ𝜈
)
2

(
ℎ�́�

ℎ𝜈
+
ℎ𝜈

ℎ�́�
− 𝑠𝑖𝑛2𝜃)        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 18) 

with 𝑟𝑜
2 representing the classical electron radius, and alpha being defined similarly to above 

(42) and the units of measure being {cm2,sr-1 } meaning unit area per steradian of solid angle. 

This cross section assumes that the electrons are free and at rest, which is not always the case, 

but is a good assumption for low Z materials (42,43). Correcting for the binding energy of the 

atom involves multiplying the Klein-Nishina cross section by a correction factor, known as the 

incoherent scattering function (𝑆(𝑞,𝑍)). This takes the form: 

𝑑𝜎𝐸𝐵
𝑑Ω

=
𝑑𝜎𝐾𝑁
𝑑Ω

𝑆(𝑞,𝑍)                     (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 19) 

and with the momentum transfer q of the scattered electron represented by: 

𝑞 = √(
ℎ

𝜆
)
2

+ (
ℎ

�́�
)
2

− 2(
ℎ

𝜆
) (
ℎ

�́�
) cos 𝜃           (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 20) 
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with 
ℎ

𝜆
 and 

ℎ

�́�
 representing the photon momentums before and after deflection respectively and 

cos 𝜃 the deflection angle. The momentum transfer vector can be determined vectorially using 

co-sine law (𝐶2 = 𝐴2 + 𝐵2 − 2𝐴𝐵 cos 𝜃) as is done in this case, given that the deflection angle 

is known, or q can be derived by evoking conservation of momentum as well as conservation of 

energy and various algebraic manipulations. The Compton cross section is energy dependent and 

Z independent, which is in stark contrast to the other forms of scattering processes previously 

discussed. This is illustrated in figure 3. Compton scattering is one of  the dominant forms of 

interaction process present within the energy/probability spectrum present in the laboratory 

environment, directly competing with Photoelectric absorption (at 0.7 MeV-1.5 MeV there are 

the largest probability peaks) (42,43). This is illustrated nicely in figure 3A, where Compton 

interactions in this energy range are the largest proportion of the total cross section (𝜎𝑡𝑜𝑡). There 

is amounts of pair production present given that the spectrum rises above 1.2 MeV, but 

contributes a relatively small amount of dose (43). 

2.3.5 Pair Production 

 Pair production is the process by which an incoming photon with energy at or greater 

than 1.022 MeV disappears and is replaced by a positron-electron pair (42,43). This interaction 

needs to occur within a coulombic field, such as near an atomic nucleus. The incident photon 

giving up its energy and being replaced by the electron-positron pair close to a nucleus is given 

by: 

𝐸𝜅 = 2𝑚𝑜𝑐
2 + 𝐸+ + 𝐸−                     (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 21) 

𝐸𝜅 = 1.022 𝑀𝑒𝑉 + 𝐸
+ + 𝐸−              (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 22) 
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These equations ignore the very small bit of energy given to the nucleus from the resulting recoil 

(42). The probability cross section of a pair production event occurring is given by: 

𝜅 = 𝛼𝑟𝑜
2𝑍2𝑃(𝐸,𝑍)                        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 23) 

where α is the fine structure constant (with value 
1

137
), and 𝑃(𝐸,𝑍) is a complex parameter which is 

energy and atomic number dependant (42,43,49). The cross section of pair production is thus 

highly material dependant, as well as energy dependant given the proportionality to 𝑍2 and 

𝑃(𝐸,𝑍). This is again illustrated within figure 3.  

2.3.4 Coherent/Rayleigh Scattering 

Rayleigh/Coherent scattering occurs when an incident photon causes the electrons within 

an atom to vibrate momentarily, and then scatter the incident photon with the same wavelength 

as before. The probability cross sections drop off quite abruptly at/or above 100 keV in low 

atomic number materials, which is within the probability spectrum energy range, and as such is 

worth mention (43). Rayleigh scattering is represented by: 

 

𝑑𝜎𝑅
𝑑Ω

=
𝑟

2

2

(1 + 𝑐𝑜𝑠2𝜃)(𝐹(𝑞,𝑍))
2
             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 24) 

 

with 𝐹(𝑞,𝑍) representing the form factor corresponding to Rayleigh Scatter (50) with the same 

corresponding units of measure as the Klein-Nishina differential cross section over the solid 

angle, and q being the momentum transfer which is defined similarly above. 

2.3.5 Bremsstrahlung radiation 

The literal meaning of what bremsstrahlung radiation comes from its phonetic 

construction.  Bremsen is the German word for “braking” and strahlung which is German for 
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radiation.  Thus, it is known as braking radiation, given the physical mechanism of a particle 

slowing down and losing kinetic energy when subjected to some electric field, which is 

illustrated in figure 4 (42). Like pair production, bremsstrahlung production is proportional to Z2 

(42,43,49). Bremsstrahlung radiation tends to be produced more frequently in high Z materials, 

which intuitively makes sense given the direct dependence on Z.  

 

Figure 5: Schematic of bremsstrahlung emission 

2.3.6 Charged/Uncharged Particles 

There are a number of charged and uncharged particles which contribute to the dose 

deposited within the scoring volumes within the three different simulation environments. This 

section is simply a brief overview of the various types of charged and uncharged particles 

present.  A large contributor to the dose rate being alpha particles. 

Nuclides with high atomic numbers tend to decay via alpha emission (42,43). As the 

atomic number (numbers of protons within the nucleus of the element) become greater than 82, 

or neutron/proton ratio moves further and further away from the line of stability, this ratio causes 

the repulsive charges of the like charged protons to overcome the binding forces holding the 

element together. The nucleus then emits a particle containing two protons and two neutrons 
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which happens to be the nucleus of a helium atom (42,43). This typically follows a reaction 

scheme such as: 

 

𝑋𝑍
𝐴 → 𝑌𝑍−2

𝐴−4 + 𝐻𝑒++2
4 + 𝑄          (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 25) 

And specifically, for Radon: 

 𝑅𝑛222
86 → 𝑃𝑜218

84 + 𝐻𝑒++2
4 + 𝑄          (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 26) 

with Q representing the energy released by the nuclear transitions.  

Alpha particles have high linear energy transfer (LET) (42,43). This is in contrast to 

particles such as gammas and x-rays that deposit their dose gradually, and over a larger distance 

(42,43). As a result, alpha particles cause greater degrees of oxidative stress (51).  Due to the 

dense ionization tracks, DNA double strand breaks are more common (42,43,51,52).  

Neutrons are also prominent sources of radiation underground (1,11). Within the rocks 

underground, both at SNOLAB and naturally through the earths natural rock content, there exists 

many heavy metals such as Uranium, Polonium, Californium and their various naturally 

occurring isotopes (11,53,54).  Neutrons are heavy, chargeless particles and indirectly ionize 

nuclei of materials to produce liberated secondary particles/nuclei, and are also occasionally 

captured within the nuclei of surrounding materials to be neutron activated (42,43). Neutrons, 

like photons, are not electrically charged which is why they indirectly ionize atoms.  Illustration 

of neutron capture being below: 

𝑛 + 𝑋𝑍
𝐴  →  𝑋𝑍

𝐴+1             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 27) 

𝑋𝑍
𝐴+1  →  𝑋𝑍±1

𝐴+1  +  𝑄       (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 28) 
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The parent nucleus captures a neutron, which then becomes activated and decays via either 

gamma, or beta emission.  In the case of U235 + n reactions, the uranium nucleus then undergoes 

nuclear splitting into two daughter nuclei (53,54).   

Beta particle decay, which is especially important in the cell culture media which is high 

in Potassium, and conversely 
40K, involves the release of either a positive or negatively charged 

electron (called positrons and negatrons respectively) from the nucleus (42,43). 40K undergoes 

beta minus decay in particular. 14C is also present within cell culture media, which undergoes 

beta particle decay, specifically beta minus. The interaction length of the beta particles is 

relatively short, meaning that they deposit a large proportion of their dose quite quickly (42,43). 

The decay scheme for 40K is as follows: 

𝐾40
19 → 𝐶𝑎40

20 + 𝐸𝛽−                 (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 29)   

with  𝐸𝛽−   equal to 1.311 MeV, which occurs 89.3% of the time: 

𝐾40
19 → 𝐴𝑟40

18 + 𝐸𝛾          (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 30) 

with 𝐸𝛾 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 to 1.5 MeV, which occurs 10.7% of the time (42,43).  

Gamma rays are produced due to nuclear transitions from unstable/meta-stable states, 

back to their more stable ground states (55–57). Gamma ray emission also tends to coincide after 

the emission of an “alpha ray” or alpha particle (57). Gammas are also morphologically identical 

to x-rays, and as a result they are commonly used in many medical imaging applications, as well 

as experimental/research applications due to the ability for the sources to gain high dose rates 

(42,43). Equation 30 is an example of one such isomeric transition.  

Muons are of particular importance, as they compose much of the cosmic portion of the 

natural background radiation field (55,58,59). Muons arise from the decay of secondary pions 

and kaons within the atmosphere (59). They then decay to produce a muon, and a neutrino. The 
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reason why they are the dominant particle type is due to their low interaction cross section, as 

well as the fact that they lose such small amounts of energy within the atmosphere (59).  

𝜋± → µ± + 𝜈µ       (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 31) 

2.3.7 Environmental/Natural Sources 

SNOLAB is shielded from cosmic radiation due to the substantial rock overburden, 

leading to a substantial decrease in the natural background compared to above ground due to the 

large water equivalency that it provides (1,11). This makes the SNOLAB an ideal location to 

conduct low radiation background studies (1,11).  Both above and below ground have similar 

types of radiation but it originates from different sources and has differing relative strengths. 

Underground, the primary source of radiation is radon/thoron from the norite rock deposits 

surrounding SNOLAB (60).  These are by-products of Uranium-238 and Thorium-232 present 

within the norite (60).   

For biologic experimental purposes, the most relevant decay chain is that of radon-222, 

given that it has the lowest half life and shortest lived daughters (60). This decay chain was 

shown above. The highest probability emission is of an alpha particle, which as mentioned 

earlier has a much higher potential to cause biological damage when near an organism, and is a 

large part of the inhaled portion of the above ground natural radiation levels as radon is present 

in most construction materials (56). 

Neutrons primarily arise underground through spontaneous fission of Uranium and other 

isotopes (fast neutrons of energy 1-20 MeV), as well as thermally where the neutrons continually 

interact until they slow down to approximately room temperature (thermal neutrons of energy 

0.025 eV) (53,54). Above ground, most of the neutron flux arise from secondary interactions 

within the atmosphere (56).  The neutron flux underground at SNOLAB is 1000 times less than 
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the above ground flux, which is due in large part to the norite rock overburden/large water 

equivalency. There are approximately 4144.9 neutrons ± 49.8 m2 ± 105.3 days from thermal 

neutrons within the surrounding rocks, as well as an additional 4000 neutrons/m2/day from fast 

neutrons occurring from radioactive decay processes (60) 

Muons arise from the interaction of protons, nuclei, or alpha particles with atmospheric 

nuclei, which then produce the fast decaying mesons which were mentioned earlier (58,59). 

The muon flux on the surface is approximately 1 μ/cm2/min (11,60). Within SNOLAB, 

the muon flux is less than 0.27 μ/m2/day. This corresponds to a reduction of muon flux of 

approximately 50 million from surface (11,60). Studies have shown that the effective dose rate 

from muon flux at ground level is approximately 0.1 mSv/yr, which is approximately equal to 20 

nSv/hr (55,58), and that the overall effective dose rate from all sources to humans depending on 

altitude is 0.4-4 mSv/yr (58).  

 

2.4 Gamma/X-ray Attenuation 

2.4.1 Beer-Lambert Law 

Photons (X-ray and Gamma) are able to penetrate various forms of material, with certain 

materials being better at attenuating them than others.  These include heavy elements, and 

lightweight materials (42,43). The photons interact with media in the wide variety of processes 

outlined earlier, including Compton, photoelectric, and bremsstrahlung (42,43). These 

interactions largely depend on the probability cross sections, as well as the energy of the 

photon’s incident upon the material. Take for example Figure 6, a monoenergetic beam of 

photons incident upon two individual materials consisting of linear attenuation coefficients 
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µ1 𝑎𝑛𝑑 µ2 and the same thickness (x). The rate of change of photons through an infinitely small 

portion of the materials (dx) is represented by: 

𝑑𝑁

𝑑𝑥
 =  −(µ1 + µ2) N(𝑥)           (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 32) 

This is a first order separable differential equation, so separation of variables and grouping of 

like terms yields: 

𝑑𝑁

N(𝑥)
 =  −(µ1 + µ2)𝑑𝑥              (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 33) 

Integrating both sides: 

∫
𝑑𝑁

N(𝑥)

N(𝑥)

𝑁𝑜

 =  −(µ1 + µ2)∫ 𝑑𝑥
𝑥

0

            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 34) 

 

Taking the exponential of both sides: 

ln
N(𝑥)

𝑁𝑜
 =  −(µ1 + µ2)𝑥                               (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 35) 

N(𝑥)  =  𝑁𝑜𝑒
−(µ1+µ2)𝑥                                  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 36) 

 

This exponential relationship is known as the Beer-Lambert law. Beer-Lambert law also assumes 

a narrow beam geometry (meaning it neglects scatter photons).  

 

Figure 6: Attenuation schematic of two different mediums with differing attenuation coefficients  
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2.4.2 Linear/Mass Attenuation Coefficient 

There are two types of total linear attenuation coefficients that are used in calculations; 

the linear attenuation coefficient and the mass attenuation coefficient (42,43). The attenuation 

coefficient is the likelihood of an interaction happening, per unit length of material (42,43). As a 

result, the units are in inverse length. The total attenuation coefficient is the summation of all the 

interaction probabilities, as shown: 

µ𝑇𝑜𝑡𝑎𝑙 = µ𝑃ℎ𝑜𝑡𝑜 + µ𝐶𝑜𝑚𝑝 + µ𝐶𝑜ℎ + µ𝑃𝑎𝑖𝑟                    (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 37) 

Equation 37 represents the linear attenuation coefficient.  The mass attenuation coefficient 

involves the density of the material, denoted by 𝜌 (42,43): 

µ𝑇𝑜𝑡𝑎𝑙
𝜌

=
µ𝑃ℎ𝑜𝑡𝑜
𝜌

+
µ𝐶𝑜𝑚𝑝

𝜌
+
µ𝐶𝑜ℎ
𝜌
+
µ𝑃𝑎𝑖𝑟
𝜌
         (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 38) 

A more explicit way of writing the mass attenuation coefficient, considering the atomic 

composition of the medium and the interaction probability is: 

µ𝑇𝑜𝑡𝑎𝑙
𝜌

= [
𝑁𝐴
𝑊
]∑𝜎              (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 39) 

The variable σ represents the interaction cross section of each process summed and multiplied by 

the ratio of Avogadro’s number (NA) to the atomic mass of the material (W). Each of the 

interaction cross sections for each physical process is highly energy dependant.  For example, 

below 1.022 MeV, the probability cross section for pair production does not exist given that the 

threshold energy for that process to exist is two times 511 keV (43). In this energy range the total 

attenuation coefficient is dominated by a combination of Photoelectric, Compton and Coherent 

scattering interactions.  The interaction cross section is the likelihood (or probability) of an event 

of a particular type occurring per unit area of target (42,43).  The interaction cross section has 

units of barns (with 1 barn being equal to 10-24 cm2). This probability is dependant on the number 

of target particles incident on the interaction area, as well as the total interaction area, and the 
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cross-sectional area of the target (or interaction cross section) (42,43). A simple example of these 

being figure 7, where we wish to measure the probability of there being a scattering event of a 

monoenergetic beam of photons incident on a slab of material, with interaction cross sections 

represented by the dark circles.  The probability of this is simply the ratio of scattered photons to 

initial number of photons (No). 

 

Figure 7: simple schematic showing interaction cross sections (dark circles) within a slab of 

material 

 

  Geant4 operates by considering mass attenuation coefficients, and deciding what the 

likelihood of various interaction types is given the energy of a particle and the atomic mass of 

the material that it is interacting with (14). There are also occasions where someone wishes to 

calculate the likelihood of interaction given a mixture of substances.  An example being stainless 

steel, which is a composite material of Iron and various other constituent elements.  This is 

particularly useful in the context of Geant4 simulations, as various detectors are made of 

composite materials.  In the case of stainless steel, Geant4 utilizes the NIST database which 
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contains an extensive list of mass attenuation coefficients (including stainless steel), which is 

used to simulate interaction processes (14).  To construct composite attenuation coefficients, we 

use the following formula: 

µ𝑚𝑖𝑥
𝜌
=  ∑𝑚𝑖 (

µ𝑇𝑜𝑡𝑎𝑙
𝜌
)
𝑖

                      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 40) 

With mi in equation 40 representing the mass fraction of the ith element in the mixture, and 

(
µ𝑇𝑜𝑡𝑎𝑙

𝜌
)
𝑖
 representing the total mass attenuation coefficient of the ith element within the mixture.  

2.4.3 Absorbed/Equivalent Dose 

 The absorbed dose is best defined in terms of a volume (V), which is similar to the 

experimental setup as the scoring volume within the GEANT4 simulation.  

 

 

 

 

 

 

 

 

 

The scenario in figure 8, as well as the absorbed dose can be best described by the energy 

absorbed (Eab). Eab is defined mathematically as: 

𝐸𝑎𝑏 = (ℎ𝜈 + ℎ𝜈)́ − 𝐸                           (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 41) 

V 
E 

 

 

 

 

 

 

 

hν 

e 

Figure 8:Simple schematic showing a photon (hν) entering volume V, 

and undergoing a Compton interaction which produces an electron 

with energy E, and a scattered photon h�́�. The scattered photon never 

makes it out of V and is absorbed. The electron completely leaves V 

with energy E.  

 

 

h

�́� 
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which represents the energy deposited respective to some point in the volume V(42). The 

absorbed dose is then represented as: 

𝐷 =
𝑑𝐸𝑎𝑏
𝑑𝑚

                             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 42) 

with 𝑑𝐸𝑎𝑏 is the average energy deposited in V over some time interval, and dm is some mass in 

an infinitesimal section of V (dv) (42). The units of dose are Joules per kilogram of mass (J/kg) 

which is also known as the Gray (Gy). There clearly exists an inversely proportional relationship 

between the dose and the mass of the volume being examined.  If the energy is held constant, and 

the mass is increased, then the dose is going to decrease accordingly with the inverse relationship 

also being true.  

 Equivalent dose is a slightly more complicated parameter than absorbed dose. Absorbed 

dose considers the amount of energy absorbed per unit mass of a material, but does not 

distinguish between particle types, or the different levels of damage that these particles impart 

(42,43). A weighting factor considering how damaging a particle type is then introduced which 

accounts for these differences. This is known as the radiation weighting factor or quality factor 

(WR). WR considers the LET (amount of energy per unit length, or keV/µM) of the radiation 

type, and ranges from 0-20 (in practicality however it is 1-20 in the case of ionizing 

radiation)(42).  A weighting factor of 1 is assigned to x-rays, γ-rays, and electrons (including 

betas) while thermal neutrons (<10 keV) are assigned a value of 5 and fast neutrons between 2 

and 20 MeV are assigned a value of 10. Alpha particles have the highest LET, along with heavy 

nuclei and fission products,  and as such have the highest weighting factor of 20 (42,43). The 

equivalent dose (H) is then: 

𝐻 = 𝑊𝑅𝐷                             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 43) 
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H has units of Sieverts (Sv), and is the dose deposited weighted by the ability of each constituent 

particle to deposit energy per unit length (42). 

 A term worth mentioning in this context is that of relative biological effectiveness (RBE). 

RBE is the ratio of a reference absorbed dose from a standard particle/photon to the absorbed 

dose of a different type of radiation which causes the same amount of biological damage (43). 

RBE’s are used in radiation therapy and radiology to quantify the amount of hereditary risk 

(stochastic) versus acute threshold reactions, known as deterministic effects (ex. Tissue burns) 

(43). A high LET radiation such as alpha particles, tends to have lower RBE’s for deterministic 

effects than stochastic effects (43).  

3 Methodology 
Within this chapter, the methodology of the thesis shall be described, along with the 

reasoning and motivations behind them. First the individual simulation geometries will be 

described, along with the formulae behind how they were constructed. Next, the global particle 

source construction and energy spectra contained within will be discussed and described, along 

with its functionality. Following this, the graham cluster/SHARCNET methods will be 

described. Finally, the transformation assay experimental protocols shall be discussed in-depth.  

3.1 Dosimetric Modelling 

The REPAIR project will be utilizing three different radiation environments to perform 

biological experiments. Monte-Carlo modelling was performed on each of the three different 

environments to determine the background radiation dose rate. They are as follows: 
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1. Above ground incubator: This is a standard CO2 cell culture incubator that is located 

at the Northern Ontario School of Medicine. It is the above ground control for 

experiments. 

2. Underground incubator: This is a standard CO2 incubator that is located within the 

life sciences laboratory in SNOLAB. Is acts as the underground control. 

3. STCI: This is the specialized tissue culture incubator that was designed to achieve a 

sub-background environment. 

The background radiation dose rate in each of the three environments was calculated 

based on five different sources of radiation: gamma rays, neutrons, muons, alphas and betas. The 

dose rate from gammas, neutrons and muons were determined by GEANT4 simulation. Fluence 

measurements for each of these three radiation types was previously taken in the underground 

laboratory and at the surface laboratory. Simulations were performed to determine the actual 

dose rate within the incubation environment (STCI or incubator) due to attenuation through the 

wall materials. Alpha and beta measurements were taken directly within the incubation 

environment. Therefore, dose rates were directly calculated for these particle types without 

modelling attenuation through the wall materials.  

 

3.1.1 Gamma, Neutron and Muon Simulations 

The GEANT4 simulation involved the generation of three different types of particles; 

gamma rays, neutrons, and muons. Each of the simulations had different environmental 

dimensions, source dimensions, and particle numbers which will be discussed in the proceeding 

sections.  
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3.1.1.1 Environment Geometries 

Depending on the functional process someone wishes to use, GEANT4 operates as a 

hierarchical constructor, that is to say that each constituent piece of the simulation environment 

is linked and dependant upon the “mother” volume. In this case it was found to be simplest to 

link every single wall of the constructed environment back to the world volume, which is the 

dimensionality of the life sciences laboratory within SNOLAB.  First and foremost, a cartesian 

coordinate system was assigned to the environment.  The length of the life sciences laboratory 

was chosen to be the x plane, height to be the y plane and depth to be the z plane. The world 

environment was centered at the origin, with each measured x, y and z parameter being halved 

since GEANT4 operates in half lengths while constructing the geometric pieces.  

 

 

Figure 9: Depiction of the coordinate system and the half lengths 

 

In order to determine the radiation environment within the STCI, a “detector” geometry 

must be first constructed within GEANT4. The simulation environment was constructed using 

blueprints of the life sciences laboratory obtained from SNOLAB, as well as measurements made 

while the STCI was constructed.  The STCI exterior was constructed using stainless steel panels 

Y: Height of life sciences laboratory 

laboratory 

X: Length of life sciences laboratory 

laboratory Z: Depth of life sciences laboratory 
laboratory 
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with an acrylic window (Figure 2).  The dimensions of the STCI are 146 cm across, 78.25 cm 

high, and 77.32 cm deep. Each of these measurements were then divided into half-lengths as 

depicted within figure 9. The thickness of the stainless steel and acrylic walls are both 1.9 cm. 

The interior of the STCI contains a lead “castle”, inside of which the tissue culture flasks will be 

incubated. The dimensions of the lead castle are 81.3 cm across, 52 cm high and 39.67 cm deep. 

The lead bricks have a thickness of 10 cm. The resultant combination of all of these constructors 

is visualized in figure 10. 

The underground and above ground incubators were constructed in the virtual 

environment based on the actual dimension of the Forma II incubators (Fischer Scientific). All of 

the walls were built from stainless steel. The dimensions of the above ground and underground 

incubators are 50.64 cm across, 54 cm high, and 67.2 cm deep. The dimensionality of the 

measurements are flipped in the y and z directions, given how the coordinate system is arranged 

as per figure 8.  Each stainless-steel wall is 1.2 cm thick. The resultant construction is visualized 

within figure 10.  

Each piece of the STCI was then scaled down relative to the world volume by taking the 

ratio of the half length relative to the x, y and z dimensionality of the world volume. This results 

in a unitless scaling coefficient, examples of which are seen in Appendix A. Next, if a rotation 

were required, instead of putting each individual piece through a rotation matrix, the length in x, 

y or z would be changed and subsequently translate the piece.  For example, to rotate the middle 

wall to become the right wall, the wall would be shifted some length in x and the G4 double size 

in x would become the G4 double size in z. This was performed in an iterative fashion, with each 

piece rotated around the piece centered and measured from the origin (which is the front wall of 
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each environment), with each pieces mother volume corresponding to the world volume as 

shown in Appendix A.   

Each constituent wall was selected to be made of one of three materials from the NIST 

database contained within GEANT4, which is instantiated at the beginning of the “make” 

function prior to the beginning of a simulation (14). These materials were selected because they 

were the closest materials to what the STCI was actually constructed from. The right, left, back, 

bottom, and lower front walls of the STCI were constructed of stainless steel (G4_STAINLESS-

STEEL). The upper front wall and top of the STCI was constructed of Pyrex (G4_Pyrex), which 

was the closest material to acrylic. The inner lead castle of the STCI was constructed from lead 

(G4_Lead). The above and below ground incubators were constructed completely from stainless 

steel (G4_STAINLESS-STEEL). The detector volume (or scoring volume) was constructed from 

water (G4_Water), to approximate radiation interactions in cells/soft tissue. The dimensions of 

the detector volume were made to be the same as the NaI scintillator that was used to take the 

quantitative gamma measurements both above and below ground for consistency.  The geometry 

was then visualized using Java based HepRep (a visualization driver), and any overlaps were 

corrected for by translating and rotating each of the walls individually. This is visualized in 

figure 10. 
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Figure 10: A) HepRep visualization of the STCI and underground. B) HepRep visualization of 

the above ground incubator geometry which is the same as the underground incubator geometry.  

Red in panels A and B represent stainless steel, yellow represents Pyrex, green representing the 

lead blocks, and blue represents the water-based scoring volume. 

 

As discussed in earlier chapters, the constituent elements within GEANT4 are simply 

materials with differing mass attenuation coefficients, and the end goal is to measure how much 

of the radiation makes its way into the scoring volume. The absorbed dose rate is then 

approximated using the following formula: 

�̇�𝑎𝑏 =
𝐸𝑎𝑏𝑁

𝜌𝑉𝑡
                     (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 44) 

With 𝜌𝑉 representing the mass (in kg) of the water within the scoring volume, since density (ρ) 

multiplied by volume (V) is equivalent to the mass and 𝐸𝑎𝑏 representing the energy absorbed 

within the scoring volume. The 
𝑁

𝑡
 term is simply the particle rate which is input into GEANT4 as 

it was run, which is in units of particles/week. A top down visualization of the STCI geometry is 

A 
B 
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seen in figure 11, showing how GEANT4 visualizes the simulation as just differing attenuation 

coefficients. 

  

Figure 11: Top down view of STCI geometry, with red blocks representing stainless steel and its 

respective attenuation coefficients and green representing lead and blue represents the water 

based scoring volume. The thickness of each block is not to scale. The visualization also has the 

top of the lead castle removed so as to be able to visualize the water based scoring volume.  

 

The incubator simulation is significantly simpler than the STCI, as it only consists of stainless 

steel with the scoring volume contained within. The physics list Shielding.hh/.cc was used in this 

simulation due to the high energy range (0-20 TeV) and versatility of usage.  The physics list 

within GEANT4 include parameters such as interaction cross sections (which is energy 

dependant), probabilities of secondary particle production, and whether certain primary particle 

types can be generated by the general particle source which will be discussed further.  

3.1.1.2 General Particle Source 

The general particle source (GPS) within GEANT4 allows for a more generalized 

distribution of particles.  This is particularly useful when large amounts of particles are 

simulated, as opposed to a smaller number of simulated particles where the ParticleGun class 

selection is more compatible. An isotropic user defined histogram which is spherical in shape 
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and encompasses each individual geometry (as seen in Appendix B) was chosen. Figure 12 

represents the HepRep visualization of this source geometry. 

 

 

Figure 12: General particle source representation of the GEANT4 simulation.  A) 1000 primary 

gamma photons simulated around the STCI. B) 1000 gamma primary photons simulated around 

the incubator. Particles are generated around the periphery of the geometries and are “killed” 

once they leave the world volume.  

The energy distribution of the gamma rays was assigned based on measurements taken 

underground in SNOLAB and above ground at NOSM.  The energies ranged from 0.7 MeV to 

26.5 MeV.  The measurements were taken using a Sodium Iodide (NaI) scintillation detector. 

The technical procedures for NaI gamma scintillation measurements are found in Beck et al (61). 

The measurements were taken over the time period of 6.76 days with approximately 150 million 

γ-particles measured. The isotope decay peaks were then fit using the software Interspec and 

Cambio, and channel to energy conversion coefficients formed.  From here, a probability 

histogram was constructed for both the above and below ground spectra (Figure 13). At 

approximately 2.5 MeV there is a steep drop off of particles counted and as a result, probability 

of there being a particle at that particular energy. Simulations were performed using 150 million 

particles for the above ground standard incubator and the below ground standard incubator.  

A B 
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Seven times the number of particles was used for the STCI, amounting to 1.05 billion gamma 

photons, given that we needed to account for the size difference in source radius given the 

inverse square law (43). From here, the dose rate was calculated. 

 

Figure 13: Probability γ-spectrum for above and below ground environments. A) is the full 

spectrum recorded by the spectrometer. B) is a magnified spectrum only going up to 8 MeV. 

 

As seen in Appendix B, the probability weight, as well as particle energy were input into 

a user defined histogram and generated. For the neutron source, both fast and thermal neutrons 

were simulated.  The fast neutron energy range is 1-20 MeV, so 10.5 MeV was elected to be 

used as the mean energy. Thermal neutrons have an energy of approximately 1/40 eV, which is 

the Maxwell Boltzmann distribution at this energy. Both energies were input into the GPS macro 
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individually, along with the particle numbers. Within SNOLAB, the thermal neutron flux is 

4144.9 neutrons ± 49.8 m2 ± 105.3 day  and the fast neutron flux 4000 neutrons/m2/day (11,60). 

At the surface, the total neutron flux is 100 n/m2/s (11,60). Using the surface area of the region 

being measured, the particle rate is easily computed, and from there the dose rate can be 

simulated.  

The muon particle rate above ground is 1 μ/cm2/min, with the flux below ground being 

equal to 0.27 μ/m2/day which is a reduction of 50 million compared to the surface (11,60). The 

particle rate is computed in the same fashion as neutrons, with the exception being that the below 

ground muon rate is less than 1 muon per hour, therefore it could not be simulated within 

GEANT4. The mean muon energy that reaches earth from the atmosphere is 4 GeV, which was 

input as a mono-energetic isotropic source of muons.  

3.1.1.3 Simulation 

 

The Shared Hierarchical Academic Computing Network (SHARCNET) provided the 

computer facilities to perform the simulations (62). The computations were performed on the 

graham cluster of computers contained within the SHARCNET network. The 150 million events 

were broken up into 10 concurrent runs of 15 million gamma photons and ran simultaneously. 

These 10 runs produced each a unique comma separated value (csv) file, organized by various 

parameters including event ID, kinetic energy, and particle type. The csv files were then loaded 

into Jupyter notebook, and a simple python script was written to analyze the csv’s using Pandas 

and NumPy. A chunking script was also written to section the csv’s further iteratively for ease of 

analysis/computation time. Results were then plotted using GraphPad Prism software.  
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3.1.2 Alpha/Beta Dose rate 

3.1.2.1 Alpha particles 

The alpha dose rate is of particular interest for the REPAIR project. In the case of the 

alpha particles, the largest contributor is the radon-222 content within the various environmental 

scenarios, which were listed earlier. Radon was measured using a RAD7 real-time radon monitor 

(DURRIDGE Company Inc., USA). Data was collected by the RAD7 in NORMAL mode every 

2 hours over 20 days. Sample data was analyzed in the software CAPTURE® (DURRIDGE 

Company Inc., USA).  

For measurements taken within the STCI, air samples were pumped from within the lead 

castle to the RAD7 monitor. For the below ground and above ground incubators, radon was 

measured in the air of both laboratory environments. Given that the incubators are constantly 

opened and closed, the assumption was made that the radon concentration in air and within the 

incubator are equal. A conservative approach was taken, and the assumption that the radon 

concentration in-air is the same as within the cell culture growth medium (for all intensive-

purposes is approximated with the water-based scoring volume) was made.  In reality, the radon 

would likely lose activity due to the high radon diffusion constant of water and the PVC based 

plastic of the cell culture flasks (63–66). The other assumption made is that each decaying 

particle is going to deposit all of its energy within the scoring volume, since the in-air 

concentration is assumed to be the same as within the liquid.  

The formula to calculate the dose rate (�̇�) from the alpha particles is as follows: 

�̇� =
𝐴𝐶𝑉𝐸

𝑚
             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 45) 
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With 𝐴𝐶  representing the activity concentration in Bq/m3, V the volume of the container 

where the activity concentration is measured (m3), E the energy in joules, and m the mass of the 

scoring volume in kg. The mass of the scoring volume is 4.186 kg.  

3.1.2.2 Beta Particles 

The assumption that all particles deposit their dose is also made for the beta particles, 

which arise from the decay of 40K and 14C, which emit a 1.33 MeV and 156 KeV beta 

respectively, both of which are beta minus particles.  

The 40K activity was measured using a high purity germanium detector (HPGe) at 

SNOLAB as previously outlined (67). The detector is manufactured by PGT and has a crystal 

volume of 208 cm3. A 500 ml sample of complete 1X Minimum Essential Medium Eagle with 

Earl's Salts and L-Glutamine cellular culture media was provided for analysis.  The sample was 

then loaded into a Marinelli beaker with a 1 L limit within the PGT germanium detector.  The 

sample was filled as full as possible, with a sample mass of 48.8 g. The sample was left in the 

detector for 6.819 days, and the count rate was established at the end of the counting cycle.  The 

methods used for determining the sample activity have been previously described (68). The 

results of the Potassium 40 measurement experiment were an activity concentration of 8005.1 ± 

628.9 mBq/kg.  

The 14C measurements were performed at the AMS laboratory at the University of 

Ottawa using identical methods to Crann et al (69). A 15 ml sample of 1X Minimum Essential 

Medium Eagle with Earl's Salts and L-Glutamine was sent to the AMS laboratory.  The sample 

underwent their combustion protocol prior to analysis (69). The sample was combusted using a 

Thermo Flash 1112 elemental analyzer, and the CO2 trapped within a Pyrex seal. The combusted 

liquid sample was then analyzed by a 3 Mega Volt tandem accelerator mass spectrometer as 
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outlined in Kieser et al (70). Count rates were then established from the sample. The results of 

the 14C analysis was an activity concentration of 218.62 ± 1.42 Bq/kgC. 

The formula to calculate the dose rate (�̇�) of 40K and 14C is as follows: 

�̇� =
𝐴𝑚𝑚𝐸

𝜌𝑉
                    (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 46) 

With 𝐴𝑚 representing the activity per unit mass (Bq/kg), m representing the mass of the 

respective sample in kg, E the energy in Joules, and 𝜌𝑉 representing the mass of the scoring 

volume in kg. 

3.1.3 Total Dose Rate 

The total dose rate deposited within the scoring volume is computed simply by summing 

all of the dose rates by particle type. Mathematically, it appears as: 

�̇�𝑡𝑜𝑡 = (
𝐸𝑎𝑏𝑁

𝜌𝑉𝑡
)
𝛾

+ (
𝐸𝑎𝑏𝑁

𝜌𝑉𝑡
)
𝑛

+ (
𝐸𝑎𝑏𝑁

𝜌𝑉𝑡
)
µ

+
𝐴𝑐𝑉𝐸

𝑚
+
𝐴𝑚𝑚𝐸

𝜌𝑉
                        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 47) 

which is simply the summation of equations 44-46, with each particle type included into the 

summation. Subscript γ indicating GEANT4 simulated gammas, n representing GEANT4 

simulated neutrons, and µ representing GEANT4 simulated muons.  

Error is propagated through each calculation and is summed in a similar fashion at the 

end of the calculations.  

3.2 Cellular Transformation 

3.2.1 Cell maintenance 

Cell culture experiments were performed using the non-tumorigenic HeLa x skin 

fibroblast cell line CGL1 and the tumorigenic CGL3 cell line. Cells were incubated in a standard 

cell culture incubator in humidity at 37°C with 5% CO2. Cells were grown in 1X Minimum 
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Essential Medium (Corning, 10- 010CV) supplemented with 5% calf serum (Sigma, C8056) and 

1% Penicillin-Streptomycin (Corning, 30001CI). All experiments were performed on cells from 

a single stock, frozen down at passage number 45. A single lot of serum was used for all 

experiments.  

3.2.2 Aluminum Exposure 

Cells were grown in aluminum supplemented media at a concentration of 300 µM. M 

representing molarity, or mols per litre. A 1 M stock solution of Aluminum Chloride was 

prepared by dissolving 3.62 g of Aluminum Chloride Hexahydrate salt (Sigma, A0718) in 15 ml 

of milliQ water. From this stock solution, a 300 µM working solution was prepared in cell 

growth media. 15 ml of this aluminum/cell growth medium mixture was then added to T-75 cell 

culture flasks for a period of three days prior to irradiation.  The 300 µM concentration was 

chosen because any higher in concentration and the aluminum formed precipitates in the cell 

culture media. This concentration was also utilized in past studies performed by other labs 

regarding aluminum exposure (30,31).  

3.2.3 Cell Irradiation 

 During transportation to the irradiator, flasks were placed on ice. Cells were irradiated 

using an XRAD-320 irradiation cabinet (Precision X-ray). The doses used were 1, 10, 100, and 

3000 mGy. Cells supplemented with aluminum were only exposed to the 3000 mGy dose. This 

was chosen given the hypothesis that aluminum acts synergistically with aluminum. At this high 

dose, if the hypothesis is to hold, then there would be an increase in transformation frequency 

compared to the unexposed control.  Due to the large range in doses, two different exposure 

programs were required, resulting in two different dose rates. The same voltage (60 kVp) was 

used for both programs. The lower dose points (1 and 10 mGy) were irradiated at 60-cm SSD 
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and 1.25 mAs while the higher dose points (100 and 3000 mGy) were irradiated at 40-cm SSD 

and 12.5 mAs. This resulted in dose rates of 5.6 mGy/min and 138 mGy/min respectively, which 

was determined using a pencil ionization chamber. Post irradiation, the cells were returned to the 

incubator for 24 hours prior to initiation of the transformation assay.   

3.2.4 Transformation Assay 

 Methods for the culture of cells for the transformation assay followed those 

previously established by Ko et al (37,38). After 24 hours, the irradiated T-75 flasks were sub 

cultured into 10 replicate T-75 flasks per dose point at a density of 5,000 cells per flask. Flasks 

were then maintained, and the media changed twice per week until 21 days had elapsed. On the 

21st day the flasks were blinded (using opaque lab tape), then washed with 1x PBS, and stained 

for 20 minutes using 2% Paraformaldehyde. The flasks were then stained with 2 ml of Western 

Blue substrate, identical to methods used by Mendonca et al (35,39). The particular marker 

which is examined using Western Blue (WB), is intestinal alkaline phosphatase (IAP), which is a 

canonical marker of neoplastic changes within the cell (35,39). WB is a substance containing 5-

bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium (NBT) (39).  IAP is a 

phosphate cleaving enzyme, and as such, reacts with the phosphate group of BCIP, which then is 

turned into a darkly coloured and easily visible foci or colony by the NBT (39). After staining, 

the flasks were scored using a simple sheet of white paper for contrast. 

An additional 6 T-25 flasks were seeded per dose point at a density of 200 cells per 

flasks. These T-25 flasks were used for plating efficiency calculations. After 7 days post seed, 

the plating efficiencies (PE) were stained with 2% crystal violet and the colonies counted using a 

dissection microscope. Each flask was divided into quadrants for ease of counting, and every 
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flask was blinded using opaque laboratory tape. The formula for transformation frequency is as 

follows: 

 

𝑇𝐹 =
# 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑓𝑜𝑐𝑖 𝑓𝑜𝑟𝑚𝑒𝑑

𝑃𝐸 × 𝑡𝑜𝑡𝑎𝑙 # 𝐶𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
                           (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 48) 

 

With the formula for plating efficiency being: 

𝑃𝐸 = 
# 𝐶𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

# 𝐶𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
           (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 49) 

On day 14, a CGL3 stock was thawed and introduced to fresh cell culture medium in a T-

25 flask to be used as a positive control and seeded at a density of 200 cells per flask.  

3.2.5 Statistical Analysis 

 Comparisons between groups were performed using a one-way ANOVA, followed by 

Holm-Sidak post-hoc analysis.  A p-value of < 0.05 was considered statistically significant.  All 

statistical analysis was performed on SigmaPlot (Systat Software, Inc). Each experimental group 

was compared back to the untreated 0 mGy control group.  
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4 Results 

4.1 Dosimetric Modelling  

4.1.1 Gamma, Neutron and Muon simulations 

 

Figure 14: The dose rate from GEANT4 particle types in the three simulated lab environments 

segregated by the particle type. A) The dose deposited per hour in the scoring volume from 

scattered gamma photons. B) The dose deposited per hour from positrons generated by primary 

gamma photons. C) The dose deposited per hour in the scoring volume from electrons.  D)The 

total dose deposited per hour in the scoring volume from all particle types. 

 

The dose contribution from gamma rays was visualized by its individual components; 

scattered gammas, positrons and electrons (Figure 14). For each individual component, the dose 

rate within the STCI was lower than in the incubator underground. The above ground incubator 

had the higher dose rate for each component.  
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Figure 14A shows the results generated solely from scattered gamma photons depositing 

small amounts of energy within the scoring volume. The dose rates are comparably small, given 

that gamma photons primarily indirectly ionize nuclei and elements, and liberate many 

secondary free electrons. Figure 14A was tabulated by summing the amount of energy deposited 

by any gamma photon within each environment to the water-based scoring volume. The gamma 

photons contribute less than 0.001% of the total dose deposited within the scoring volume across 

all three simulated environments. Within the STCI there is a 58-fold reduction in dose rate 

relative to the below ground incubator and a 93-fold reduction compared to the above ground 

incubator.  

The positron (positive electron) dose rate from pair production events produced by the 

primary gamma photons was an interesting result (Figure 14B). There was a significantly larger 

number of positrons produced in the above ground simulation. This is because the energy 

spectrum above ground contains much higher energy photons (Figure 13) and at these higher 

energies there is a greater likelihood of a pair production event happening. There exists a steep 

drop off in high energy gamma photons due to the attenuation of the highest energy gamma rays 

underground.  As such, it makes physical sense that there was a significantly larger amount of 

positron deposited dose within the scoring volume in the surface incubator compared to the other 

environmental geometries. The positron deposited dose exhibited a very similar trend to that of 

the gamma deposited dose (Figure 14A). Within the STCI, there is a 17.5-fold reduction in dose 

rate relative to the below ground incubator, and a 6250-fold reduction in dose rate relative to the 

above ground incubator.  

The dose rate from secondary electrons generated from the primary gamma photons is 

shown in Figure 14C. The secondary electrons are the largest contributor of dose within the 
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simulation.  Electron deposited dose accounts for 99.99% of the total deposited dose.  This 

makes physical sense given that these electrons are the result of primary gamma ray interactions, 

which as stated earlier, are indirectly ionizing. Both the stainless-steel components, and lead 

castle contain high Z materials which would result in a high number of secondary electrons being 

produced. The electron deposited dose exhibits a similar trend to both the gamma and positron 

deposited doses (Figures 14A and 14B respectively). Within the STCI, there is a 2.747-fold 

decrease in dose rate compared to the below ground incubator and a 4.399-fold decrease 

compared to the above ground incubator, which closely mirrors the total deposited dose rate 

which shall be discussed further.  

 Figure 14D represents the total dose rate from gamma rays and encompasses all primary 

and secondary particle types for all three lab environments. Figure 14D exhibits a clear, 

ascending trend with the above ground environment and energy spectrum having the highest 

overall dose rate, and the STCI having the lowest dose rate. Given that the electron dose rate 

histogram in figure 13C accounts for almost all of the total dose rate, the histogram in Figure 

14C closely resembles that of 14D. There is however a higher relative fold change relative to the 

above ground environment and STCI due to the large proportion of positron deposited dose 

within the above ground environment. Within the STCI there was a 2.75- and 4.67-fold decrease 

in dose rate compared to the underground and above ground incubators, respectively.  

The dose rates from fast and thermal neutrons showed a different trend from the gamma 

dose rates (Figure 15). The dose rate within the scoring volume of the STCI was higher than the 

below ground incubator, by a factor of 1.54. This is likely due to the high atomic number of the 

lead housing within the STCI. Similar to gamma radiation, neutron dose rates were highest in the 
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surface incubator. Compared to the STCI and the underground incubator, the neutron dose rate 

was approximately 700-fold higher in the above ground incubator.  
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Figure 15: Simulated dose deposited within the scoring volume from Neutron primaries. 

 

 The muon dose rate was similar to reported ranges from literature (55,58). Given that 

there was under 1 muon/hr that resulted from the underground fluence rate as outlined in the 

methods, GEANT4 could not simulate less than 1 muon. As a result, for both the STCI and 

Underground geometry the muon dose rate is negligible as seen in Table 2.  The muon dose rate 

for the above ground incubator geometry was 154.33 ± 2.52x10-1nGy/hr simulated from the 

muon fluence rate as reported in the methods section.  
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4.1.2 Alpha/Beta dose rate 

 

Figure 16: Activity concentration of the RAD7 measurements.  Blue represents the activity 

concentration after 20 days of the underground control laboratory within SNOLAB.  Green 

represents the activity concentration after 20 days of the above ground control laboratory at 

NOSM. Orange represents the activity concentration after 20 days of the STCI environment 

 

The radon gas levels within the SNOLAB environment from  RAD7 measurements was 

123.45±13.53 Bq/m3 (60) as shown in figure 16. This is in stark contrast to our measured value 

above ground at NOSM which is 3.67±2.14 Bq/m3. The STCI (or glovebox as in the legend) was 

0.79±0.93 Bq/m3. 

Figure 17 represents the calculated alpha particle dose rate results using equation 45. The 

dose rate was calculated utilizing the same assumptions and formulae as outlined within the 

methods section.  
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Figure 17: Calculated Alpha particle dose rates of the three different lab environments from 

radon gas as measured by the RAD7 

The beta particle dose rate contributions for 40K and 14C were calculated using equation 46. Since 

all cells cultures, regardless of the laboratory environment, are grown with the same culture 

media, the dose rate from beta particles is the same for all three environments. The 40K dose was 

was 0.072 nGy/hr and the 14C dose rate was 2.35x10-6 nGy/hr.  

4.1.3 Total Dose Rate 

Table 2 summarizes the various lab geometry simulations along with particle types, and  

the total and equivalent dose rates.  Given the differing strengths of the various radiation sources, 

there are large differences in absorbed (nGy/hr) dose rate, and equivalent (mSv/yr) dose rate. The 

STCI had the lowest absorbed and equivalent dose rates compared to the other two 

environmental geometries. The highest total absorbed dose rate was the above ground incubator 

geometry, which is primarily due to the large amount of muon dose rate present.  Compared to 

the above ground and underground incubators, the STCI had a 37.5- and 36.3-fold reduction in 
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absorbed dose rate, respectively. The highest equivalent dose rate was that of the underground 

incubator geometry.  This was due to the high activity concentration of radon gas present 

underground at SNOLAB (shown in Figure 16), and the large equivalent dose weighting factor 

of the resultant alpha particle decay of the radon, which is dependant on the LET of alpha 

particles. This led to a higher proportion of densely ionizing particles present in the simulation. 

Compared to the above ground and underground incubators, the STCI has a 29.2- and 219-fold 

reduction in equivalent dose rate, respectively.  

 

 

Table 2: Dose rate results from the three lab simulation environments 

Particle Specific 

Dose Rates  

STCI (nGy/hr) Underground 

Incubator (nGy/hr) 

Above ground 
Incubator (nGy/hr) 

    

Gamma  
 

378.03 ± 0.086x10-3 104.194 ± 0.063x10-2 17.80 ± 0.03x10-1 

Neutron  
 

1.891 ± 0.061x10-3 1.23 ±0.041x10-3 132.4 ± 2.0x10-2 

Muon  
 

Negligible Negligible 154.33 ± 2.52x10-1 

Alpha  
 

5.8 ± 6.8x10-2 17.50 ± 1.92 5.20 ± 3.03x10-1 

40K  

 

72.00 ± 5.63x10-3 72.00 ± 5.63x10-3 72.00 ± 5.63x10-3 

14C  

 

235.00 ± 1.53x10-8 235.00 ± 1.53x10-8 235.00 ± 1.53x10-8 

Total dose rate  
 

51 ± 7.4 x10-2 18.6 ± 1.92 191.2 ± 5.84 x10-1 

Equivalent dose rate 
(mSv/yr) 

 

1.37 ± 1.2 x10-2 30.0 ± 3.4 x10-1 40 ± 6.0 x10-2 

 

 

4.2 Transformation Assay results 

0 mGy control cells exposed to aluminum for 48 hours had slightly lower plating 

efficiencies compared to unexposed cell groups at 0.486±0.002. The unexposed 0 mGy control 
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group had a plating efficiency of 0.522±0.038. This result was consistent with prior work done 

by the authors unpublished work with MCF10A cells, as well as CGL1 cells grown for survival 

studies which showed a decrease in plating efficiency at 48 hours of exposure at 300 µM of 

aluminum chloride concentration. 

The baseline rate of transformation frequency in the unirradiated flasks was 9.85 x10-5 

(Figure 18). Cells exposed to 1, 10 or 100 mGy showed no statistically significant difference in 

transformation frequency compared to the controls. The 3,000 mGy exposure did produce a 

significant increase in transformation frequency of approximately 5.23-fold (Figure 18). 

Aluminum exposure did not have a significant impact on the transformation frequency for cells 

that were unirradiated, or cells which were exposed to 3,000 mGy (Figure 19).  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 18: Transformation frequency results as a function of radiation dose in CGL1 cells. 

Columns represent the average transformation frequency ± SD (N=10). * denotes statistical 

significance (p-value < 0.05) based on a one-way ANOVA.  
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Figure 19: Transformation frequency results as a function of radiation dose in CGL1 cells 

treated with aluminum. Columns represent average transformation frequency ± SD (N = 10 for 

untreated cells, and N = 3 for aluminum treated cells). * denotes statistical significance (p-value 

< 0.05) based on a one-way ANOVA. 
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5 Discussion 
In this thesis, the background radiation dose rate was simulated in three different 

radiation environments. Total dose rates were lowest in the STCI, followed by the underground 

incubator the and above ground incubator.  Equivalent dose rates were lowest in the STCI, 

followed by the above ground incubator environment and the underground incubator. 

Additionally, cellular transformation experiments were conducted using the CGL1 model 

system. Transformation frequency was determined in CGL1’s unexposed to ionizing radiation 

and cells exposed to varying levels of radiation.  Compared back to the 0 mGy control group, the 

3000 mGy exposed group was statistically significant (p < 0.05). The 0 mGy and 3000 mGy 

groups were also exposed to 300 µM aluminum chloride to examine if the aluminum and 

ionizing radiation acted synergistically. These results were not statistically significant.  

The GEANT4 particle physics simulation was simple in design and was done to estimate 

whether the specialized tissue culture incubator was effective at decreasing certain radiation 

levels below that of the natural background. This was applicable to the gamma, neutron and 

muon simulations. The alpha and beta dose rates were calculated using measurements as outlined 

in the methodology section. Compared to studies conducted by other labs (Gran Sasso) in a sub 

background fashion, the STCI is lower by a factor of 7.5-fold (10). However, the fold change 

between the background radiation environment and experimental was much higher than the 

results produced by this thesis at 87-fold. The geography of Italy contains different rock 

composition and as a result could produce different background dose rates. 

The overall total simulated gamma photon dose within the STCI showed a slight decrease 

compared to the above ground incubator gamma dose rate, and also below ground incubator 

where the gamma ray flux from norite contaminants is still quite high. The attributable difference 
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in dose rate differences determined within the simulation and those reported within literature 

(55,58)are likely due to the isotropic nature of the source geometry, where particles are randomly 

generated at the periphery. A proportion of the particle population will then completely pass 

through and not interact, and completely miss the scoring volume, or the environmental 

geometry as a whole, similar to what occurs in nature.  

The gamma photon dose rate within the above ground incubator was comparable to dose 

rates within the literature(1.8 nGy/hr compared to ~ 2nSv/hr)(55), which is equal to 2 nGy/hr 

given that the equivalent dose radiation weighting factor for gammas is equal to 1 (55)).  Gamma 

photons are massless particles, which indirectly ionize materials that they interact with.  The 

likelihood of gammas producing DNA double strand breaks are quite low, which is why they 

have a lower weighting factor than alpha particles, and in turn low LET. The STCI 

environmental geometry dose rate of 0.38 nGy/hr is significantly lower than gamma dose rates 

reported within the literature, such as those reported by Carbone et al (10). The underground 

incubator environmental geometry produced a dose rate equal to 1.042 nGy/hr, while using the 

same probability spectrum as the STCI environmental geometry. Given the fold decrease, 

relative to the two geometries, the lead housing within the STCI was effective at decreasing the 

gamma photon dose rate.  

The alpha particle dose rate substantially increased the equivalent dose rate in the 

underground incubator compared to the above ground incubator and STCI. Alpha particles have 

high degrees of LET, and as such deposit large amounts of energy within a short amount of 

distance. This is in contrast to particles such as gammas and x-rays that deposit their dose 

gradually, and over a prolonged distance. As a result, due to their dense ionization tracks, alpha 

particles cause greater degrees of genomic damage and oxidative stress.  Due to the dense 
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ionization tracks, DNA double strand breaks are much more common with high LET particles 

such as alpha particles, which is why the effective dose rate is higher from alpha particles, due to 

their higher radiation weighting factor of 20. The ambient radon concentration within the 

underground laboratory environment is almost 42x higher compared to the above ground 

laboratory environment, and accounts for the largest proportion of deposited dose rate within the 

underground incubator environmental scenario. Biologically, since the assumption is made that 

the radon would make its way into the cell culture media, this would be one of the more 

damaging particle contributors.  

The neutron dose rate above ground was very similar to the dose rates reported in 

literature (~9 nSv/hr compared to ~8nSv/hr), and since the neutron flux is approximately 1000 

times less below ground compared to above ground, the dose rate fold difference is within that 

approximate value (1059x less for the below ground incubator, and 700x decreased for the STCI) 

(55,58,60). The slight increase compared to the reported literature (55) is likely due to the 

secondaries produced by the interaction of the neutrons with materials present in the simulated 

environments. The recorded events in literature are primarily TLD measurements taken out in the 

open environment, and as a result do not take into consideration the production of secondary 

events which neutrons are primarily known for. There is also differing rock composition due to 

geographic location where the measurements took place, which would affect particle amounts 

and therefore dose rates present.  An interesting result from the neutron simulation is that there is 

a very slight increase in dose rate in the STCI compared to the underground incubator dose rate. 

This is due to neutrons being indirectly ionizing particles, and the lead housing having a high 

atomic number leading to a large number of secondary electrons and nuclear elements being 

liberated when compared to the lower Z number stainless steel only incubator geometry.  
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Neutrons are primarily indirectly ionizing and ionize nuclei of materials to produce liberated 

secondary particles/nuclei, so this result makes physical sense within the simulation. It is a very 

small change in dose rate, and is overall of low significance when compared to the fold change 

of the total dose rate, but if this was to be mitigated in the future some type of hydrogenated 

material (such as borax, or paraffin wax) could be used to coat the exterior of the lead housing 

environment encasing the cell incubation environment to get the dose rate as low as absolutely 

possible.  

The positron dose rate within the STCI is quite low, which is intuitively consistent given 

the low likelihood of generating a particle with sufficient kinetic energy to result in a pair 

production interaction. This is shown within figure 11, where the probability spectrum shows a 

decrease in generation probability of gamma photons with sufficient energy to cause a pair 

production event that would be recorded within the scoring volume.  The lead housing 

encompassing the scoring volume is also quite capable of stopping 511 KeV photons generated 

from these interactions, given that the lead has a high attenuation coefficient capable of reducing 

the amount of energy to be deposited within the scoring volume. An interesting result is the large 

amount of positron dose within the above ground environment. This again, makes intuitive sense 

due to the much higher likelihood of generating a photon with sufficient kinetic energy to cause a 

pair production event. The likelihood of a positron making its way with significant energy as to 

be recorded within the scoring volume is as a result much higher.  

With regards to the muon flux, since there is a 50 million times decrease in below ground 

muons, and when calculating for amount of muons incident to the incubator and STCI, there was 

a muon total being less than 1 per hour, meaning that muons could not be simulated in that 

situation (which again, matches results seen by Carbone et. al (10) who used results from the 
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UNSCEAR 2000 report) since GEANT 4 requires at least one particle to be able to run. Muons 

are heavy, charged particles similar in construction to an electron, and are a fundamental particle 

(meaning that it is not composed of any other simpler particles). They make up a large 

proportion of the CR dose rate due to their weight and ability to liberate many secondary 

particles. The lower Z stainless steel material which the above ground incubator was modelled as 

would be ineffective at stopping the 4 GeV isotropic/monoenergetic source of muons. The 

muons liberate a large amount of secondary particles due to their large mass, there exists the 

potential for the dose rate to be higher than what is reported given that many of the benchmark 

dose rates are not considering the dose contributed by secondary particles. These measurements 

are primarily detector based at varying altitude levels and do not  take into consideration the 

interaction of muons with primary barriers and the secondary particles produced. The muon dose 

rate above ground was similar to the reported literature (0.13 mSv/yr compared to 0.11 mSv/yr 

and 15.43 nSv/hr compared to 20 nSv/hr  (55,58)).   

The overall equivalent dose rate above ground is within the reported range (0.4-4 mSv/yr, 

with the simulated dose rate being on the lower end of that spectrum (58)) and the STCI dose 

rate being lower than other sub natural background experiments (9,10) by  7.5 fold. The 

attributable difference/limitation within the simulation of the dose rates overall, is that it was not 

feasible able to simulate every single particle within the galactic cosmic radiation spectrum, or 

natural background. Thus, the above ground effective dose rate is going to be slightly lower than 

the mean effective dose rates reported in the literature (55,56,58). However, the major 

components were simulated, given that CR accounts for 20% of the annual dose (56).  80% of 

the CR portion of the NBR are fast decaying mesons (such as pions and kaons) which then 

quickly decay into muons.  The other 20% consists of electrons and protons (71). Some other 
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limitations that were present within the simulation include the approximation of the STCI 

geometry. As is apparent in figure 2A, the STCI is not a precise rectangular prism but is instead a 

much more complicated geometry which includes an angled acrylic window as opposed to the 

simpler 90 degree viewing window present in the simulation. This was done to facilitate writing 

the geometry in C++ into GEANT4, and because the resultant dose contribution due to the angle 

was assumed to be negligible in comparison. Another limitation/approximation was the 

dimensions and composition of the scoring volume. The composition was chosen because 

cellular culture media is quite close to water. The dimensions were chosen due to the desire to 

closely mirror the NaI scintillator which took the gamma measurements. The dimensions also 

closely coincide with what an incubator full of flasks (which are full of culture media) would 

measure.  Overall, the STCI geometry reduced the dose rate, which leads confidence for sub 

background biologic experiments to be carried out in the future. 

Some potential modifications that could be made in the future to the STCI would be 

increasing the thickness of the lead bricks that make up the lead castle to decrease any residual 

gamma photons, positrons, and secondary electrons which would interact with the cells housed 

within. The neutron dose rate could be reduced if the lead castle were to be coated by some type 

of wax such as paraffin, or other compounds containing high levels of hydrogen.  

The transformation results are preliminary. There is a lack of statistical significance 

present within several of the radiation dose points. Further replicates should be performed so the 

standard deviation between replicates can be decreased. This is due to the large fluctuations in 

transformation frequency present due to the stochastic and random nature of neoplastic 

transformations, and several replicates occasionally having large amounts of transformations and 

some having low levels or no neoplastic transformations. The  mean  transformation frequency is 
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consistent in appearance with the trends reported within the literature (26,40). The values for 

transformation frequency of the 0 mGy control group reported within are consistent in 

magnitude/range to those reported by Ko et al. although it is on the higher end of the reported 

range. The transformation frequency reported in this thesis was 9.8±5.1x10-5 and the frequencies 

reported within the literature ranges from 4.82-11.05x10-5 with a mean of 8.07±0.61x10-5 (38). 

The difference between several of the experiments cited, and the one performed in this thesis was 

the tube potential used to irradiate the CGL1 cells. Ko et al. used 30 kVp x-rays to generate the 

transformation frequency range, while Redpath et al. (22) used 60 kVp x-rays and had a 

transformation frequency of 2.94±0.3x10-5. The study conducted within this thesis utilized 60 

kVp x-rays as outlined within the methodology section. The large increase in dose to 3000 mGy 

was chosen to see an increase in transformation frequency when compared to the low dose 

ranges. The 3000 mGy dose ranges saw a statistically significant increase when compared back 

to the 0 mGy control cell population. The 3000 mGy dose ranges are higher than prior studies 

(21,37,38,40), as the highest ranges performed in the cited low dose ionizing radiation studies are 

1000 mGy.  

There is also an increase in mean transformation frequency when aluminum is added to 

the cell culture media prior to irradiation in the 0 mGy treated cell population group, although 

this was not statistically significant. This is so far consistent with results seen in literature on 

different mammalian cell lines (30,31), but has otherwise never been seen in hybridized cell 

lines. These prior experiments did not directly look at aluminum’s effects on transformation 

frequency but instead looked at indicators of neoplastic transformation, and mostly examined 

DNA damage. These included extended growth assays to examine whether cells lost contact 

inhibition (ceasing growth when cells get closely grouped), and γ-H2AX histone phosphorylation 
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studies to examine rates of DNA DSB induction (30). There was a loss of contact inhibition 

when MCF10A cells were cultured chronically in aluminum, indicating that these cells may have 

transformed to a more aggressive phenotype (30). A time and dose dependant relationship 

developed when cells were cultured using varying concentrations (up to 300 µM) of aluminum 

chloride and subsequently exposed to radiation. The cell nuclei were then shown to have 

increased amounts of DNA DSB’s using the γ-H2AX histone phosphorylation (30). DNA DSB’s 

are much more difficult for cells to repair and will often lead to incorrect DNA repair and 

cellular mutation, which is what a characteristic such as loss of contact inhibition would indicate.  

The study in this thesis was carried out to examine whether there would be changes in 

transformation frequency when aluminum was introduced in conjunction with ionizing radiation.  

As stated earlier, other mammalian cell lines (MCF10A) saw that aluminum and ionizing 

radiation acted synergistically to increase the amount of DNA double stranded breaks, which was 

hypothesized to increase the amount of neoplastic transformations. In this study, the highest 

aluminum concentration of 300 µM was elected to be used as this concentration did not 

precipitate out of cellular culture media, and it was also the highest concentration used by past 

studies, which also were found in such concentrations in actual human nipple aspirants in breast 

tissue (30,31). As a result, there should have been an increase in transformation frequency in the 

3000 mGy aluminum treated cell population, which after only 3 replicate studies with aluminum 

treated cells was thus far not the case. However, there was a slight decrease in plating efficiency 

in the 0 mGy control group in not only the study conducted within this thesis, but also in other 

studies which lead up to the transformation assays. The actual cause of the lower plating 

efficiency is not currently known. If for example, cell death was causing lower levels of plating, 

then apoptosis assays could be run at the same concentration of aluminum, to examine whether 
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aluminum is inducing apoptosis in this particular cell line. Other studies such as cell cycle 

analysis using flow cytometry, and adhesion and migration assays could further characterize this 

relationship. Further studies to increase replicate amount and examine if there is a trend in the 

transformation frequency would be warranted in the future, along with the aforementioned 

studies to examine the cause of the lowered plating efficiency.  
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6 Conclusion 
 The overall goal of this thesis project was to quantify and estimate the radiation 

environment in three different settings where biological experimentation is to occur. The 

GEANT4 simulation was to see if there was a substantial decrease in dose rate in the STCI 

compared to above ground settings, and the underground environment. Underground 

experiments run in the STCI would then begin, given that these results would lend confidence 

that sub background biologic experiments can be undertaken. This was successfully determined 

and estimated, having a reduction in dose rate, which when compared to sub background studies 

conducted by other laboratories was lower.. Further analysis using other particle measurements 

would be warranted and would help to become a more accurate estimation of the dose rates 

present within the natural environment, along with more extensive quantitative measurements to 

validate the theoretically simulated measurements. In conclusion, the STCI dose rate estimation 

lends confidence that experiments occurring within would truly be sub- background.  

 The transformation assay results are preliminary; however, the mean transformation 

frequency is comparable to results seen by other laboratories such as Ko et al and Redpath et al.  

The aluminum transformation frequency is otherwise unchanged compared to un-dosed 

transformation frequency. However, the overall trend would be an interesting variable to study in 

the future. The variance and statistical significance would be improved in the future, by further 

replicates being produced. A consideration in these assays is the length of time data collection 

takes and the space required to perform such experiments as well as space within the incubators 

present at NOSM. The results generated by other laboratories used pooled data results over many 

years and had a significantly higher number of samples per dose point compared to the studies 

that were conducted, by several hundred samples and several years of study. The transformation 
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assay framework generated from this work is consistent with results generated from other labs 

preliminarily, and the protocol itself would be acceptable to use below ground in the STCI to 

study transformation frequency at sub- background levels.  

 Overall, the results from both investigations warrant further investigation in the future 

and also provide an acceptable framework for future work to be done in the same fashion.  The 

GEANT4 simulation and dose rate estimation was successful in quantifying the radiation 

environment present within the STCI, the underground laboratory, and the above ground 

laboratory environments and future biological experimentation at sub background levels can be 

carried out with confidence. The simulation itself, and the source code generated also provide an 

acceptable framework for more sophisticated simulations to be carried out in the future which 

can further scrutinize various aspects of the laboratory environments if so desired, as well as 

future tangential experiments from a variety of physical scenarios not related to the present 

project. The transformation assay was successful in showing an overall trend showcasing a 

decrease in transformation frequency as low doses of ionizing radiation are increased.  The lower 

dose points were not statistically significant, which could be ameliorated with further replicates 

produced. The higher dose points were statistically significant, and lead confidence that the 

transformation assay protocol can be used underground in sub background studies. The 

aluminum treatments also produced interesting trends in transformation frequency as well as 

plating efficiency. Further replicates produced and further examination into these trends would 

be warranted.  
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Appendix A 
 

The following code segment is part of the environment construction process described in 

Methodology.  Only the Incubator walls and the construction are included for brevity’s sake: 

 

B1DetectorConstruction::B1DetectorConstruction() 

: G4VUserDetectorConstruction(), 

  fScoringVolume(0) 

{ } 

 

//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo...... 

 

B1DetectorConstruction::~B1DetectorConstruction() 

{ } 

 

//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo...... 

 

G4VPhysicalVolume* B1DetectorConstruction::Construct() 

{   

  // Get nist material manager 

  G4NistManager* nist = G4NistManager::Instance(); 

   

  // Envelope parameters 

  // 
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  G4double lab_sizeX = (1633.73/2)*cm, lab_sizeY = (457.2/2)*cm, lab_sizeZ=(460.25/2)*cm; 

  G4Material* lab_mat = nist->FindOrBuildMaterial("G4_AIR"); 

    

  // Option to switch on/off checking of volumes overlaps 

  // 

  G4bool checkOverlaps = true; 

 

  //      

  // World 

  // 

  G4double world_sizeX = 1*lab_sizeX; 

  G4double world_sizeY = 1*lab_sizeY; 

  G4double world_sizeZ = 1*lab_sizeZ; 

  G4Material* world_mat = nist->FindOrBuildMaterial("G4_AIR"); 

  G4Box* solidWorld =     

    new G4Box("World",                       //its name 

       world_sizeX, world_sizeY, world_sizeZ);     //its size 

  G4LogicalVolume* logicWorld =                          

    new G4LogicalVolume(solidWorld,          //its solid 

                        world_mat,           //its material 

                        "World");            //its name                              

  G4VPhysicalVolume* physWorld =  

    new G4PVPlacement(0,                     //no rotation 
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                      G4ThreeVector(),       //at (0,0,0) 

                      logicWorld,            //its logical volume 

                      "World",               //its name 

                      0,                     //its mother  volume 

                      true,                 //no boolean operation 

                      0,                     //copy number 

                 checkOverlaps);        //overlaps checking 

//Incubator FW 

G4double box_sizeX=0.031*lab_sizeX; 

G4double box_sizeY=0.1183*lab_sizeY; 

G4double box_sizeZ=0.00122*lab_sizeZ; 

G4Material*box_mat= 

 nist->FindOrBuildMaterial("G4_STAINLESS-STEEL"); 

G4Box*Wall1= 

 new G4Box("FW",1*box_sizeX, 1*box_sizeY, 1*box_sizeZ); 

G4LogicalVolume*logicWall1= 

 new G4LogicalVolume(Wall1, box_mat, "FWL"); 

G4VPhysicalVolume* physWall= 

 new G4PVPlacement (0, G4ThreeVector(0,0,(68.117/2)*cm), logicWall1,"FrontWall", 

logicWorld, true,0, checkOverlaps); 

G4VisAttributes* FrontWall = new G4VisAttributes(G4Colour(1.0,0,0)); 

FrontWall->SetVisibility(true); 

logicWall1->SetVisAttributes(FrontWall); 
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//Incubator BW 

 box_sizeX=0.03102766*lab_sizeX; 

 box_sizeY=0.1173465*lab_sizeY; 

 box_sizeZ=0.00122194*lab_sizeZ; 

 box_mat= 

 nist->FindOrBuildMaterial("G4_STAINLESS-STEEL"); 

G4Box*Wall2= 

 new G4Box("BW",1*box_sizeX, 1*box_sizeY, 1*box_sizeZ); 

G4LogicalVolume*logicWall2= 

 new G4LogicalVolume(Wall2, box_mat, "BWL"); 

 physWall= 

 new G4PVPlacement (0, G4ThreeVector(0,0, -(68.117/2)*cm), logicWall2,"BackWall", 

logicWorld, true,0, checkOverlaps); 

G4VisAttributes* BackWall = new G4VisAttributes(G4Colour(1.0,0,0)); 

BackWall->SetVisibility(true); 

logicWall2->SetVisAttributes(BackWall); 

//Incubator RW 

 box_sizeX=0.00118*lab_sizeX; 

 box_sizeY=0.117*lab_sizeY; 

 box_sizeZ=0.146*lab_sizeZ; 

 box_mat= 

 nist->FindOrBuildMaterial("G4_STAINLESS-STEEL"); 

G4Box*Wall3= 



76 
 

 new G4Box("RW",1*box_sizeX, 1*box_sizeY, 1*box_sizeZ); 

G4LogicalVolume*logicWall3= 

 new G4LogicalVolume(Wall3, box_mat, "RWL"); 

 physWall= 

 new G4PVPlacement (0, G4ThreeVector((-50.9/2)*cm,0,0), logicWall3,"RightWall", 

logicWorld, true,0, checkOverlaps); 

G4VisAttributes* RightWall = new G4VisAttributes(G4Colour(1.0,0,0)); 

RightWall->SetVisibility(true); 

logicWall3->SetVisAttributes(RightWall); 

//Incubator LW 

 box_sizeX=0.00118*lab_sizeX; 

 box_sizeY=0.117*lab_sizeY; 

 box_sizeZ=0.146*lab_sizeZ; 

 box_mat= 

 nist->FindOrBuildMaterial("G4_STAINLESS-STEEL"); 

G4Box*Wall4= 

 new G4Box("LW",1*box_sizeX, 1*box_sizeY, 1*box_sizeZ); 

G4LogicalVolume*logicWall4= 

 new G4LogicalVolume(Wall4, box_mat, "LWL"); 

 physWall= 

 new G4PVPlacement (0, G4ThreeVector((50.9/2)*cm,0,0), logicWall4,"LeftWall", 

logicWorld, true,0, checkOverlaps); 

G4VisAttributes* LeftWall = new G4VisAttributes(G4Colour(1.0,0,0)); 
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LeftWall->SetVisibility(true); 

logicWall4->SetVisAttributes(LeftWall); 

//Incubator TW 

 box_sizeX=0.0309*lab_sizeX; 

 box_sizeY=0.0012*lab_sizeY; 

 box_sizeZ=0.146*lab_sizeZ; 

 box_mat= 

 nist->FindOrBuildMaterial("G4_STAINLESS-STEEL"); 

G4Box*Wall5= 

 new G4Box("TW",1*box_sizeX, 1*box_sizeY, 1*box_sizeZ); 

G4LogicalVolume*logicWall5= 

 new G4LogicalVolume(Wall5, box_mat, "TWL"); 

 physWall= 

 new G4PVPlacement (0, G4ThreeVector(0,(54.1/2)*cm,0), logicWall5,"TopWall", 

logicWorld, true,0, checkOverlaps); 

G4VisAttributes* TopWall = new G4VisAttributes(G4Colour(1.0,0,0)); 

TopWall->SetVisibility(true); 

logicWall5->SetVisAttributes(TopWall); 

//Incubator Bottom 

 box_sizeX=0.0309*lab_sizeX; 

 box_sizeY=0.0012*lab_sizeY; 

 box_sizeZ=0.146*lab_sizeZ; 

 box_mat= 
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 nist->FindOrBuildMaterial("G4_STAINLESS-STEEL"); 

G4Box*Wall6= 

 new G4Box("BoW",1*box_sizeX, 1*box_sizeY, 1*box_sizeZ); 

G4LogicalVolume*logicWall6= 

 new G4LogicalVolume(Wall6, box_mat, "BoWL"); 

 physWall= 

 new G4PVPlacement (0, G4ThreeVector(0,(-54.1/2)*cm,0), logicWall6,"BottomWall", 

logicWorld, true,0, checkOverlaps); 

G4VisAttributes* BottomWall = new G4VisAttributes(G4Colour(1.0,0,0)); 

BottomWall->SetVisibility(true); 

logicWall6->SetVisAttributes(BottomWall); 

box_sizeX=0.0249*lab_sizeX;  

box_sizeY=0.02222*lab_sizeY;  

box_sizeZ=0.022075*lab_sizeZ; 

box_mat= 

 nist->FindOrBuildMaterial("G4_WATER"); 

G4Box*WallWATER= 

 new G4Box("WATER", 1*box_sizeX, 1*box_sizeY, 1*box_sizeZ); 

G4LogicalVolume*logicWATER= 

 new G4LogicalVolume(WallWATER,box_mat,"WATER"); 

physWall= 

 new G4PVPlacement(0, G4ThreeVector(0,(0.555625/2)*cm,(-(19.36625+4.08)/2)*cm), 

logicWATER, "WATER", logicWorld, true, 0, checkOverlaps); 
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G4VisAttributes* SV = new G4VisAttributes(G4Colour(0,0,1.0)); 

SV->SetVisibility(true); 

logicWATER->SetVisAttributes(SV); 

 

fScoringVolume= logicWATER; 

 

           

  return physWorld;} 
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Appendix B 
The following bash code segment consists of an example of the macro file used with exampleB1 

in GEANT4 to run particle simulations.  This is a gamma ray, user chosen histogram which is a 

spherical source that envelops the STCI. The left column of the /gps/hist/point lines are the 

energy in MeV, and the right column is the probability of generating a particle at that energy. 

Only the first few lines are included for brevity, given that the actual file is several hundred lines 

long: 

/control/verbose 0 

/run/verbose 0 

/event/verbose 0 

/tracking/verbose 0 

#  

# gamma source for the outer glovebox 

# 

/gps/verbose 0 

/gps/particle gamma 

/gps/pos/type Volume 

/gps/pos/shape Sphere 

/gps/pos/confine World 

/gps/pos/centre 0 0 0 cm 

/gps/pos/radius 73 cm 

/gps/ang/type iso 

/gps/ene/type User 
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/gps/hist/type energy 

/gps/hist/point 0.728 0 

/gps/hist/point 0.753 0 

/gps/hist/point 0.779 2.03017592590995E-08 

/gps/hist/point 0.804 4.73707716045655E-06 

/gps/hist/point 0.829 1.33856266048329E-05 

/gps/hist/point 0.854 1.1558468271514E-05 

/gps/hist/point 0.88 8.46583361104448E-06 

/gps/hist/point 0.905 1.0874975709791E-05 

/gps/hist/point 0.93 1.52669229628428E-05 

/gps/hist/point 0.955 2.34417646911735E-05 

/gps/hist/point 0.981 3.92839041663575E-05 

/gps/hist/point 1.01 5.71968230859696E-05 

/gps/hist/point 1.03 0.004313920824966 

/gps/hist/point 1.06 0.100724681447633 

…… 

/run/beamOn 15000000 
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