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Abstract 
 

In the aftermath of a nuclear accident, robots can be used to monitor and assess radiological 

contamination, preventing harmful exposure to plant personnel. In this work, several 

detectors were evaluated to be supplemented onto the Husky UGV. Specifically, the 

RadEye Gamma Survey Meter, the PurpleAir Air-Quality (PA) sensor, and the NaI(Tl) 

scintillator were examined and their measurement parameters optimized. Optimization was 

done to satisfy mitigation requirements outlined in regulatory severe accident management 

guidelines (SAMGs).  A software component (Severe Accident Radioactivity 

Classification; SARC) was developed with the detector components, facilitating detector 

integration and analysis to aid emergency responders. For the RadEye, 20 seconds was 

determined to be the optimal collection time; the long term stability and short-term 

sensitivity of the PA was evaluated; and two spectra measured with the NaI(Tl) were 

examined. Future work involves further integration of SARC and the addition of advanced 

capabilities such as infrastructure damage detection. 
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1. Introduction 
 

According to the World Nuclear Association, there have only been two major nuclear 

accidents in history despite the operation of over 18,000 nuclear reactor-years spanning the 

past 60 years.4 In comparison, since 2012, the aviation industry has suffered from 1,139 

accidents with varying levels of severity. Despite seeming large, this number has greatly 

decreased compared to previous decades.5 This statistic is a testament to the nuclear 

industry’s excellence in safety standards and design. A severe accident in the nuclear 

context can have devastating consequences. The radiological, social, political, and 

economic consequences would be immense and the lives of the individuals living close to 

the accident site would be either harmed or forever changed.6,7 

 

1.1. Accident Prevention 
 

Since there have only been a small number of nuclear accidents throughout history, 

nuclear safety specialists have utilized a ‘defence in depth’ approach to preventing future 

incidents from occurring. Defence in depth is a layered approach that ensures safe nuclear 

plant operation in the occurrence of an adverse event that has a low probability of 

occurring, but a high severity if it does.8 Key components of the defence in depth strategy 

include the prevention, control, and mitigation of different possible event states within 

nuclear power plants.9   

The first potential state is ‘normal plant operations’, followed by ‘anticipated 

operational occurrences’ or AOOs.10 Anticipated operational occurrences are events that 
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are anticipated to occur during the lifetime of the plant, however they are classified as out 

of normal operations. Examples of anticipated operational occurrences include the 

inadvertent withdrawal of a single control rod or the inadvertent opening of steam relief 

valves. During anticipated operational occurrences, the nuclear plant will continue to 

remain in operation as its safety systems are designed to handle these events. The third type 

of event is the design basis accident, or DBA. These are accidents for which there is a 

specific defence in the nuclear facility as per regulatory requirements. As an example, if 

there is a loss of cooling accident (LOCA) in the irradiated fuel bay (IFB), there are design 

features built into the system to minimize the accident’s impact. In this example, there are 

emergency pump systems which have been installed to ensure that the fuel remains cool.  

The final type of event is the ‘beyond design basis accident’ or BDBA. These accidents 

are entirely unpredictable and can result from natural disasters or circumstances that are 

outside of the design basis of the plant safety features. Severe accidents are typically 

classified as BDBAs.11 The probability of these events occurring is visualized in Figure 1. 

The guidelines on how severe accidents are managed will be discussed in Section 1.4. 
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Figure 1: The states of a nuclear power plant; adapted from the Canadian Nuclear Safety 

Commission (CNSC) Regulatory Document 2.4.1.9 In this figure, the plant states 

described are shown. Going from left to right, the likelihood of an event occurring in the 

plant decreases, however, the severity if it does occur increases. 

 

1.2. Previous Nuclear Accidents 
 

Despite their small number of occurrences, the impact of past severe nuclear accidents 

has been vast. The International Atomic Energy Agency (IAEA) classifies accidents based 

on their severity using the International Nuclear and Radiological Event Scale (INES).12 

This scale is based upon the societal and environmental impact and ranks accidents on a 

scale of 0 to 7, with 7 being the most severe. There have only ever been two events which 

Reducing frequency of occurrence 
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were ranked as 7 by the IAEA: 1) the Chernobyl incident, and 2) the Fukushima-Daiichi 

incident.  

 

1.2.1. Chernobyl Accident 

 

The Chernobyl accident occurred on April 26th, 1986, near Pripyat, a now 

abandoned town near the city of Chernobyl, located in the north of modern-day Ukraine. 

Formerly, this city fell under the jurisdiction of the Union of Soviet Socialist Republics 

(USSR). Widely accepted as the most severe nuclear accident in history, it has been 

pictorialized in several films and documentaries. 13,14 This accident occurred on Unit 4 of 

the Lenin Nuclear Power Plant. In the high-powered channel type (RBMK) reactor, the 

power rapidly increased during a main pump trip test. Unfortunately, this process could not 

be terminated, leading to a steam explosion in the reactor.15,16  

 

Figure 2: Map of the 137Cs surface ground contamination released after the Chernobyl 

accident.17 
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1.2.2. Fukushima Daiichi Accident 

 

The second major nuclear accident that has occurred is the Fukushima accident. Also 

classified as a level 7 accident under the INES scale, the accident at the Fukushima-Daiichi 

nuclear power plant is considered to be the second most devastating nuclear disaster in 

history. The disaster occurred on March 11th, 2011; an earthquake with a magnitude of 9.0 

on the Richter scale occurred off of the east coast of Japan resulting in a large tsunami. One 

of the tsunami’s most affected areas was the Fukushima prefecture. In this prefecture, there 

were two nuclear plants operated by the Tokyo Electric Power Company (TEPCO) – 

Fukushima-Daiichi and Fukushima-Daini. The tsunami struck the coast with a height of 14 

metres, clearing the walls surrounding the plant and resulting in meltdowns of three 

reactors, solely at the Fukushima-Daiichi site.18  

It was later determined that TEPCO did not integrate the necessary safety features into 

the Fukushima-Daiichi facility safety framework to effectively manage the accident. 

Specifically, they did not have design features to prepare for natural disasters or public 

evacuation events. In contrast, the sister nuclear plant, Fukushima-Daini, did have the 

correct measures in place and the appropriate accident management plans caused the 

reactors to shut down as a result of the impending tsunami.2,19,20 

 

1.3. Radiological Effects of Severe Accidents 
 

The International Commission on Radiological Protection (ICRP) defines a large 

nuclear accident as one in which a significant amount of radioactive material is released 

into the environment.21 Radiation received by individuals in an accident setting is 
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quantified through the concept of effective dose. Effective dose is essentially the absorbed 

dose adjusted for the radiation quality and tissue type. This formalism will be briefly 

described below. 

Absorbed dose is defined as the energy absorbed per unit mass in tissue. This is a purely 

physical quantity and is dependent upon the energy absorbed from the incoming radiation 

as well as the density of the absorbing material. Absorbed dose is reported in units of Gray 

(Gy), given that 1 Gy is equal to 1 Joule of energy absorbed per kilogram of absorber 

material. Mathematically, absorbed dose can be written as,  

𝐷𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 =
𝑑𝐸𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝑑𝑚
, [𝐺𝑦]. 

While absorbed dose and biological effect do correlate, the amount of damage to tissue is 

highly dependent upon radiation quality. Radiation quality is also referred to as the linear 

energy transfer, or LET. LET is simply the ionization density of the incident radiation along 

its path. Higher LET radiation will deposit energy closer together and thus is more likely 

to cause cell death. Various types of radiation have distinct LET; for example, photons 

from 60Co have an LET of less than 0.5 keV/µm while 10 MeV protons can have LET 

values of up to 5.0.22,23 

The increase in cell death due to LET is captured through the concept of relative 

biological effectiveness, or RBE. RBE is defined as the ratio of doses from two different 

radiation types to achieve the same biological endpoint (Figure 3).24,25 

(1) 
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Figure 3: Increase in RBE as the incoming radiation LET increases.26 

 

The concept of RBE is mainly used in the medical radiation context. For radiation 

safety and nuclear accident response, the quantity used would be the ‘radiation weighting 

factor’, or WR. This concept was initially introduced in 1990 by the ICRP and then updated 

in 2003 through ICRP Publication 92.27 WR is a quantity which encompasses the RBE 

ranges for each particle type and is a multiplication factor used to convert absorbed dose 

to equivalent dose (HT), which is given in units of Sieverts (Sv). Typical values of WR are 

shown in Table 1. 
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Table 1: Typical values of LET, RBE, and WR.23,27,28 

Radiation Type LET (keV/µm) RBE WR 

60Co 𝜸-rays 0.2 1.0 1 

250 kV x-rays 2.0 1.1 1 

10 MeV protons 4.7 5 2 

2.5 MeV α-particles 166 20 20 

 

In order to obtain the effective dose (E) from equivalent dose, the tissue weighting 

factor (WT) must be used. This weighting factor accounts for the different radiosensitivity 

of various tissues. These weighting factors were also introduced by the ICRP and the latest 

version can be found in ICRP Publication 103.29 The entire process of converting absorbed 

dose to equivalent dose and then effective dose can be found in Figure 4. It is also important 

to note the relationship of these dose quantities and their radiobiological effects, namely 

deterministic and stochastic effects. For a particular effect to manifest, a minimum 

threshold dose must be exceeded. Below the threshold, there is no effect. This is known as 

a deterministic effect, which also typically increases in severity as a function of dose. 

Examples of deterministic effects include skin reddening and acute radiation syndrome 

(ARS). On the other hand, stochastic effects are effects that may or may not occur. While 

the severity of stochastic effects does not change as a function of dose, their likelihood 

does. As dose increases, the probability of stochastic effects occurring increases. It is also 

important to note that there is no threshold for stochastic effects. An example of a stochastic 

effect is the development of cancer.29 
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Table 2: Tissue weighting factors from ICRP 103.29 

Tissue WT 

Testes 0.08 (0 for female) 

Ovaries 0.08 (0 for male) 

Bone surface 0.01 

Bladder 0.04 

Bone marrow 0.12 

Brain 0.01 

Breast 0.12 

Colon 0.12 

Liver 0.04 

Lungs 0.12 

Esophagus 0.04 

Salivary glands 0.01 

Skin 0.01 

Stomach 0.12 

Thyroid 0.04 
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Figure 4: Pathway of obtaining effective dose and equivalent dose based on a 

measured absorbed dose. WR and WT are the radiation and tissue weighting factors, 

respectively.27,29 

 

1.4. Severe Accident Management Guidelines 
 

As discussed earlier, the stages of the ‘defence in depth’ strategy in nuclear power 

plants can be classified based on both the severity and likelihood of occurrence.9 As the 

likelihood of occurrence increases, the frequency of the event happening also 

proportionally increases, and vice versa. To this end, certain procedures are developed 

within the plant safety protocols to address the approach necessary in the event that a low 

frequency incident occurs. In the rare occurrence of a BDBA (beyond design basis 

accident), severe accident management protocols are activated. The International Atomic 

Energy Agency (IAEA) defines ‘accident management’ as a three-step process in which 

actions are taken as the situation evolves to prevent its escalation, mitigate its 

consequences, and achieve a long-term, safe stable state.  

 The main IAEA guidance document regarding accident management directs 

national regulators on how to develop, establish, and implement accident management 

programs into their regulations and thus individual plant operating procedures. This allows 

Absorbed 
dose (DAbs)

WR

Equivalent 
Dose (HT)

WT

Effective 
Dose (E)
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for the effective application of the defence in depth measures for various nuclear plant 

states.30 The developed program would also encompass all necessary emergency 

procedures and equipment that is required to halt the progression of the accident and 

mitigate its effects.  

 Severe accident management guidelines (SAMGs) are one of the two types of 

accident management guidance procedures followed to restore safety in the event of an 

accident occurring at a nuclear power plant. The other type of management guidance 

procedures is the ‘emergency operating procedures’, or EOPs. The former is in reference 

to preventing the degradation of fuel rods or by delaying the time when degradation occurs 

to preserve the safety functions of the plant.31 These emergency procedures are 

implemented before SAMGs are enacted.  

 As previously mentioned, SAMGs are meant to mitigate significant degradation of 

the fuel rods when a severe accident has occurred. There are three main components in the 

SAMG: 

1) Maintenance of integrity of barriers to fission products (such as 

containment). 

2) Limiting (or completely avoiding) any fission product releases into the 

environment. 

3) Returning to a long-term stable state. 

In the CANDU reactor context, the first point about maintaining barrier integrity 

also includes maintaining the integrity of the pressure and calandria tubes. While much of 

the accident management regulations focus on the actions that operators must take in 
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mitigating accident conditions, there is a specific section regarding the environment in and 

around the nuclear plant. These sections focus on monitoring environmental conditions, 

maintenance of robust hardware, and use of the correct equipment.  

 The IAEA severe accident management guideline document32 states that, 

‘To ensure that the likelihood of occurrence of an accident with radiological 

consequences is extremely low and that the radiological consequences of such an 

accident would be mitigated to the fullest extent practicable.’ 

In order to fulfill this mandate, several measures must be taken. These include the 

active monitoring of the nuclear environment during and after an incident occurs. As 

technology has advanced in the past few decades, this can be done using robotic and 

autonomous platforms. This was a visible component of the monitoring response in the 

Fukushima-Daiichi incident.33 In a nuclear accident scenario, monitoring would not be 

restricted to only nuclear operators in the plant. 

 

1.4.1. Canadian Regulatory Perspective 

 

The CNSC’s approach to addressing the IAEA’s regulatory requirements is to 

outline Integrated Accident Management Program (IAMP) requirements for nuclear 

facilities and their respective licensees. The CNSC defines their severe accident 

management program as one that establishes: 1) the immediate steps that must be taken to 

minimize damage to the reactor core both in the short and long term, 2) the preparatory 

precursors to be able to carry out the first point, and 3) management of CANDU fission 

products.  
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Figure 5: CNSC summary of plant states, defence in depth, and the relationship 

between emergency preparedness and accident management.34 

 

1.5. Radiation Measurement 
 

In this work, a novel approach to nuclear accident response using modified unmanned 

ground vehicles (UGVs) is proposed. In this framework, UGVs would be equipped with a 

set of specialized detection equipment that would allow accident responders to remotely 

determine: 1) the amount of radiation (radiation dose), 2) the type of radioisotopes, and 3) 

the particulate size and magnitude of dispersion. The radiation dose and the type of 

radioisotope are determined using the outputs of an energy compensated Geiger-Müller 

counter and a NaI(Tl) scintillator for spectroscopy. The particulate size and dispersion 
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magnitude are determined using an air sampling device capable of particle size 

discrimination. The general principles upon which these detectors are based will be 

described in this section.  

1.5.1. Detectors  

 

In this work, the optimal radiation measurement tools for the post-accident scenario 

must be determined. There are several types of radiation detectors that can be considered. 

In this section, the different types of radiation detectors and their underlying principles will 

be described.  

We will consider two main categories of detectors: personal dosimeters and 

radiation monitors. Personal dosimeters are carried by nuclear energy workers in 

environments such as nuclear power plants and radiotherapy cancer hospitals. According 

to guidelines and as seen in previous incidents, in an accident scenario, workers within or 

near the site would be equipped with a personal dosimeter.7,35–37 Personal dosimeters 

typically measure the dose equivalent in soft tissue passively over time and must be 

processed to obtain their readings. Two commonly used personal dosimeters are 

thermoluminescent dosimeters, commonly referred to as TLDs, and optically stimulated 

luminescent dosimeters (OSLDs), shown in Figure 6. Thermoluminescent dosimeters are 

typically composed of Lithium Fluoride doped with either Magnesium (LiF:Mg) or 

Titanium (LiF:Ti). When irradiated, electrons are excited from the valence band to the 

conduction band and become ‘trapped’ post-excitation. In order to read the integrated dose 

measured by the TLD, these materials can be heated to high temperatures (up to 400° C), 

allowing for the electron to complete its transition and a photon to be released.38,39 These 

photons are then quantified, and dose is measured. Conversely, OSLDs operate in a similar 
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manner, however, the annealing process (which allows electrons to leave the trap) is done 

through optical stimulation (light) instead of heating. OSLDs are composed of Carbon-

doped Aluminum Oxide (Al2O3:C) and have become increasingly common in recent years 

due to their ease of use compared to TLDs.40,41  

  

Figure 6: TLD crystals (shown on the left) and an OSL dosimeter shown on the right 

(figure from Kry et al., 2020).39 

 

As mentioned previously, in order to measure the amount of radiation dose in a 

given area, area radiation monitors or survey meters must be used. Area monitors are fixed 

in space, and passively measure changes in dose, while survey meters are used to survey 

external radiation fields. These detectors are typically much larger than the passive 

personal dosimeters described above. Survey meters can be classified into two types: solid 

state detectors or gas filled detectors.26  

Generally, gas filled detectors work based upon the principle that gas contained in 

a cavity can be ionized by incoming radiation. If a sufficient voltage is applied between the 

boundaries of the cavity, the radiation-induced ions will accelerate toward the oppositely 

charged electrode. If a very high voltage is applied, the ion will cause further ionization on 

its way to the electrode, magnifying the signal generated by the initial incoming radiation. 
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This magnification is referred to as the ionization cascade. This cascade is also referred to 

as the Townsend avalanche in literature.42,43 

Different types of gas filled detectors will operate at various applied voltages 

(Figure 7). These gas-filled detectors include ionization chambers, proportion counters, 

and Geiger-Müller counters. Ionization chambers have large volumes containing gas and 

operate within the ionization chamber region. At these relatively low voltages, the 

amplification cascade does not contribute a significant amount to the overall signal, thus 

leading to a more precise measurement. Operating voltages for ionization chambers usually 

range from 150 to 400 V.44 Proportional counters operate at higher voltages and thus 

exhibit the multiplication cascade described previously. Proportional counters are most 

suited for measurements in low radiation environments because at larger dose rates, the 

proportional counter suffers from large amounts of noise and dead times. Dead time is 

defined as the time interval (after an event) in which the detector cannot measure a 

subsequent count.45 Finally, the third type of gas-filled detector is the Geiger-Müller 

counter. In this detector, the avalanche cascade occurs with an even greater magnitude and 

is operated at a voltage past which the detector would continuously discharge. Due to this, 

the detector is suited to measuring very low amounts of radiation. It is important to note 

that the volume containing the gas is typically a cylindrical volume with the outer wall as 

one electrode and the second electrode in the centre of the cavity. These detectors are 

typically shaped as cylinders because the cylindrical geometry allows for uniform gas 

multiplication. Several detector characteristics are summarized in Table 3 and examples of 

all three detectors are shown in Figure 8. 
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Figure 7: Gas filled detectors operating at various voltage regions. Curve (a) 

corresponds to 1 MeV electrons and curve (b) corresponds to 100 keV electrons. 

Figure adapted from Knoll, 1989.46 
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Figure 8: Various gas-filled radiation area meters are shown; (a) is an ionization 

chamber (the RO-20 manufactured by Thermo Fischer Scientific47), (b) is a 

proportional counter48, and (c) is a Geiger-Müller counter49. 

 

Table 3: Summary of gas-filled detector characteristics. 

Gas-Filled 

Detector 

Operating 

Voltage46 
Advantages46 Disadvantages46 

Commercial 

Products 

Ionization 

Chamber 

150 V – 400 

V 

 Lowest dead 

time 

 Accurate 

measurements 

 Large signal 

required for 

detection 

Thermo-

Fischer 

Scientific RO-

20 

Proportional 

Counter 

800 V – 

1,600 V 

 Energy 

information is 

preserved, 

allowing for 

spectroscopy 

 Moderate 

dead time 

Canon 

E6895B 

Geiger-

Müller 

Counter 

500 V – 

2,000 V 

 Very large 

amplification of 

signal (by a 

factor of 109-

1010) 

 Large dead 

time 

 Lack of 

energy 

information 

Ludlum – 

Model 26-1 

Frisker 
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Detectors that are based on solid state principles, not gas-filled multiplication, also 

exist. These include scintillators and semiconductor diodes. Scintillators are materials 

which emit light when they interact with radiation. This class of detector can be divided 

into two parts: organic (plastic) and inorganic (crystals). Organic scintillators consist of 

benzene ring-based molecules which excite upon interacting with radiation, and then de-

excite, releasing a visible photon.50,51 Inorganic scintillators are crystal lattice structures in 

which electrons can get trapped in between the conduction and valence bands due to 

impurities in the lattice. The impurities in these inorganic scintillators is caused through 

doping.52–54 This is the reason behind common scintillators such as NaI or CsI are usually 

doped with a high Z element such as Thallium.55,56 Inorganic scintillators such as NaI(Tl) 

can also be used for the purposes of resolving the energy spectra of incoming radiation, 

which facilitates isotope identification. This will be further discussed in the following 

section. 

In both organic and inorganic scintillators, the light produced through radiation 

interactions is quantified through the use of a photomultiplier device. These devices 

convert visible photons into a measurable electrical signal. There are several types of 

photomultipliers; these include photomultiplier tubes (PMTs), photodiodes, and avalanche 

photodiodes (APDs). Photomultiplier tubes are the most commonly used type of device 

since it is capable of the largest magnification of signal (up to 1010). Table 4 compares 

these different photomultiplier devices.  
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Table 4: Various type of photomultiplier devices compatible with scintillators.57 

Type Amplification Main Use 
Commercial 

Products 

Photomultiplier 

tube (PMT) 
107 - 1010 

 Radiation 

Spectroscopy 

 Low level 

radiation 

detection 

Hamamatsu R329 

Photodiode 1-10 

 Low voltage 

required 

 Used in high 

activity 

environments 

Hamamatsu 

S8745 

Avalanche 

photodiode 
60  PET Imaging 

Hamamatsu 

S2384 

 

Photomultiplier tubes are generally cylindrical in shape, have glass walls 

surrounded by metal casing, and also have a small entrance window (Figure 9 and 10). 

Incoming photons interact with the entrance window, releasing several electrons into the 

PMT’s vacuum tube. Once in the vacuum tube, the electrons are drawn to successive 

electrodes (called dynodes). Each dynode has a greater potential difference than the 

previous one, causing increasing numbers of electrons to be produced. This process repeats 

several times (most PMTs have approximately 7-10 dynodes), greatly amplifying the initial 

signal.58 The general principles of their operation is shown in Figure 11. 
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Figure 9: Typical photomultiplier tube shown.59 The glass casing and entrance 

window (on the right side) are clearly visible. 

 

 

 

Figure 10: Schematic diagram of a typical photomultiplier tube and its components.57 
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Figure 11: Photomultiplier tube operation principles.58 

 

 

1.5.2. Spectroscopy 

 

In addition to measuring the amount of radiation in a post-accident scenario, the 

type of radioisotopes released must also be known. As shown in Table 5, there are several 

specific radioisotopes of concern given a typical CANDU reactor design and its potential 

failure modes. In order to identify which isotope is present, gamma spectroscopy can be 

used. In gamma spectroscopy, the inorganic scintillator detector systems utilize energy 

discrimination to place incoming radiation into energy bins, allowing for the resolution of 

energy spectra.  

 

Initial photon 
enters the 
window, 
releasing 
electrons

Electrons travel 
through several 

successive 
dynodes (under 

vacuum 
conditions)

Signal has been 
amplified by up 

to 1010, 
facilitating 

measurement 
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1.5.2.1. Radioisotopes  

 

Each radioisotope undergoes a distinct mode of radioactive decay, causing the 

emitted radiation to be characteristic of the isotope. Specific radioisotopes of concern in 

the nuclear accident scenario include Cesium-13460, Cesium-13760, Iodine-13160, and 

Cobalt-6061. As described in a CNSC study60, 134Cs, 137Cs, and 131I can be hypothetically 

released from a CANDU nuclear power plant and be suspended in a radiological plume for 

up to 7 days. In addition to these isotopes, several others may also be present, however, for 

the purposes of this work, gaseous isotopes were not considered. While 60Co is less likely 

to be found in the event of a nuclear accident, its consideration is important given the high 

energy gamma rays it emits and its accessibility for testing purposes. Henceforth, 137Cs, 

60Co, and 57Co will be discussed in depth as they were used to validate the spectrometry-

based radioisotope identification component of the project.  
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Table 5: Estimated radionuclide release in previous nuclear accidents.60 

Isotope Chernobyl (Bq) Fukushima (Bq) 

140Ba 2.5×1017 3.1×1015 

134Cs 5.9×1016 1.8×1016 

137Cs 8.2×1016 1.5×1016 

141Ce 2.0×1017 1.8×1013 

144Ce 1.7×1018 1.2×1013 

131I 1.5×1018 1.6×1017 

132I 2.1×1018 1.3×1013 

133I 3.0×1018 4.2×1016 

135I N/A 2.3×1015 

103Ru 2.3×1017 7.5×109 

106Ru 5.0×1016 2.1×109 

133Xe 6.0×1018 1.1×1019 

 

137Cs has a half-life of 30.07 years and can be produced by either nuclear fission, 

fast neutron activation, or thermal neutron activation. This radioisotope then goes on to 

decay into either 137Ba directly (5.3%) via beta emission or into 137mBa which then goes 

onto decay into 137Ba (94.7%).62 The less likely beta decay pathway results in the release 

of a 1.176 MeV beta particle while the second, more likely pathway results in the release 

of a 661.7 keV gamma ray. This 661.7 keV gamma ray can be clearly identified in the 

energy spectra generated by 137Cs, since it is in secular equilibrium with 137mBa. 
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Figure 12: Decay scheme for 137Cs into 137Ba via beta decay.63 

 

The second isotope that will be expanded on and later analyzed in this work is 60Co. 

60Co is a radioisotope that is generated synthetically in nuclear reactors and has use in the 

medical and sterilization industries. It has a half-life of 5.27 years and decays into 60Ni via 

beta decay which then goes on to emit two high energy gamma rays as the activated nucleus 

de-excites. The decay scheme of 60Co is shown in Figure 13. 
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Figure 13: Decay scheme of 60Co.64 

 

 Finally, 57Co is a radioactive isotope with many uses in healthcare. For example, it 

is used as a radioactive marker to allow physicians to quantify the absorption of Vitamin 

B12.
65 Unlike 60Co, 57Co decays via electron capture, releasing three photons (122, 136, and 

14 keV) and three beta particles (13, 115, and 130 keV). This radionuclide has a half-life 

of 272 days.66 

 

1.5.2.2. Measuring Energy Spectra 

 

The energy spectrum of a radioisotope can be measured through the use of a 

scintillation detector coupled with a photomultiplier tube. As incident gamma rays from 

the radioisotopes being measured enters the scintillator’s volume, visible light photons are 
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produced and converted into an amplified electrical signal via the PMT. The interaction 

phenomenon that enables spectroscopy is the photoelectric effect. As shown in Figure 14, 

the photoelectric effect is dominant at low energies and high atomic numbers, pair 

production is dominant at very high energies (greater than 10 MeV), and the Compton 

effect in dominant in the 0.5 to 5 MeV photon energy range.46 

 

Figure 14: Photon interaction likelihood as a function of energy and the absorber’s 

atomic number.26 

 

The photoelectric effect is when an incoming photon interacts with the target atom’s 

orbital electron, ejecting it from its orbit. The vacancy created by the ejected orbital 

electron gets filled by an upper shell electron. The transition of this second electron to fill 

the vacancy results in the release of a photon with an energy equivalent to the difference 

between the two energy levels.46,66 This characteristic x-ray further undergoes its own 
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photoelectric interaction if in a high-Z material of sufficient thickness. Since the energy of 

the incoming photon is transferred entirely to electrons, the photoelectric effect coupled 

with inorganic scintillators make the ideal case for spectroscopy. As more electrons are 

produced and set into motion with greater energies, a proportionally large number of 

photons will be produced by the scintillator. This will then be amplified by the PMT and 

binned by a multichannel analyzer.46  

 

1.6. Use of Robotics in Nuclear Accidents 
 

Research in the field of robotic systems for nuclear plant safety has been of interest for 

the past two decades. The main motivation behind incorporating robots into nuclear plant 

operations is to prevent humans from working in hazardous or dangerous environments. 

These robots could theoretically be controlled remotely, and information could be 

delivered to the plant operators and safety personnel in real-time.67 Specifically, the goal 

of using these robots is to reduce the radiation dose and its harmful effects to workers. 

Interest in the use of robotics for nuclear accidents began after the Three Mile Island 

Incident in 1979, and again after the Chernobyl disaster in 1986. When the Fukushima 

accident occurred, there were several robots available for this purpose.33 Early work on 

robotics in nuclear safety described machines that could clean in the event of a contaminant 

spill.68 Other use cases included the decommissioning of power plants and passive 

monitoring of the plant environment.69 Similar to other technology-based fields, robotics 

research has greatly accelerated in the past five years and rapid advances have been made. 

Figure 15 shows several generations of robots used in the nuclear setting.  
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 Various groups are working on the use of other advanced techniques such as deep 

learning and computer vision in conjunction with robots, henceforth referred to as 

unmanned ground vehicles, or UGVs.70 In addition to academic development, commercial 

stakeholders such as Boston Dynamics are constantly pushing the forefront of robotic 

development. The latest implementation of their work is the addition of ‘Spot’, a quadruped 

robot from Boston Dynamics, currently being tested for monitoring purposes at Ontario 

Power Generation (OPG; Figure 15(F)).   
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Figure 15: Ground based robotic systems from both past and present that have been used in 

nuclear settings. (A) is the ‘Surveyor bot’67, (B) Pioneer 11 used for imaging inside of the 

Chernobyl sarcophagus, (C) JAEA Robot 32 for gamma ray imaging, (D) NUSTEC 

MoniROBO-A and B2 used for infrastructure damage detection, (E) the VaultBot developed by 

researchers at the University of Texas Austin71, and (F) the Spot robot developed by Boston 

Dynamics currently used at Ontario Power Generation (OPG)72. 

 

A B 

C D 

E F 
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1.6.1. Radiation Mapping with Robotics 

 

If the UGV technology described previously is equipped with sufficient radiation and 

air sampling machinery, a radiation map in a post-accident environment can be generated. 

Several groups have previously attempted to conduct radiation mapping using detector-

equipped UGVs in order to localize sources of radiation.  

Von Frankenberg et al. (2012) examined the early use of a mobile robotic platform to 

generate radiation maps.73 Later, McDougall et al. (2018) conducted experiments with a 

fully functional, natively developed robotic platform to perform probabilistic mapping of 

radiation based upon sparse data.74 Specific to the instrumentation used to perform these 

measurements, Miller et al. (2015) demonstrated the effectiveness of using inorganic 

scintillator-based detection on a mobile robot.75 Specifically, they examined the use of 

LaBr3 scintillator detectors for optimal surveying of gamma radiation sources in close 

proximity. Hosmar et al. developed a robot which could autonomously detect radiation and 

perform simultaneous localization and mapping (SLAM) within a defined polygonal 

area.76 The combination of global positioning system (GPS) data with a NaI(Tl) scintillator 

detector allowed for source localization. This work was based on the particle swarm 

optimization algorithms. The UGV used in this work was the small and robust Clearpath 

Jackal.77 In addition to this group, several others have been working on the optimization 

algorithms for source localization. Anderson et al. 78, used improved Bayesian inference 

methods to optimize radiation mapping using infrequent data points and then later 

improved upon their work to incorporate attenuation modelling methods.79 Distinct from 

the NaI(Tl) and LaBr3 methods described previously, another group attempted to use a 

cadmium zinc telluride semiconductor detector (CZT) paired with a CLYC (Cs2LiYCl6:Ce) 
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scintillator.80 They placed these detectors on a UGV and were able to localize radiation 

sources in a simulated post-accident environment. Selivanova et al., also examined the use 

of CZT detectors with robotic systems and examined the use of a dual-armed robot.81 This 

group also used Monte Carlo simulation extensively to validate their configuration. Vetter 

et al., developed a technique known as scene-data fusion (SDF) that integrates LiDAR 

sensors and radiation detectors to produce 3D maps.82 They were then able to use these 3D 

maps in conjunction with computer vision. Similarly, another group was able to develop a 

three-pronged approach to map radiation field with multiple robots.83 Their work utilized 

an unmanned aerial vehicle (UAV) for photogrammetry and aerial radiation mapping, and 

a UGV for ground radiation mapping. Finally, Ghawaly et al. mapped the results of a 

NaI(Tl) scintillator detector spectrum as they traversed an urban environment.84 They then 

verified these results through measurement.  

Additionally, robots that are not limited to the ground have also been utilized. 

Unmanned aerial vehicles (UAVs) have been previously explored for radiation mapping 

also. Jinlu et al. (2013)85 explored the use of UAVs for radiation mapping in a post-accident 

scenario. Their simulation-based work focused on the platform, flight control, and cost 

effectiveness of the UAV platform. Similar studies were performed by other groups who 

explored the use of various detectors and spectrometers that would be optimal for a UAV 

system.86–88  
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1.7. Purpose and Specific Aims 
 

As part of achieving the regulatory goals outlined in the severe accident management 

guidelines (SAMGs), the radiation doses and radioisotopes in the post-accident 

environment must be able to be accurately characterized. Particle size distributions must 

also be determined since the dose resulting from inhalation may be the largest contributing 

pathway in the early phases of an accident.89 This must be done in order to ensure safety 

for emergency workers and members of the public. As described above, previous studies 

have explored the use of several UGV platforms for radiation detection. This project 

specifically focused on the integration of radiation measurement and air sampling devices 

onto a novel, superior UGV platform, the Husky A200 developed by Clearpath Robotics. 

Specifically, in this work, the optimal set of detector parameters for post-accident use were 

determined.  

1.7.1. Specific Aims 

 

1) Optimize detector parameters to be able to determine radiation dose as well as 

identify radioisotopes in a post-accident scenario.  

2) Characterize detector stability and sensitivity to various scenarios.  

3) Develop an algorithm for guiding emergency workers based on UGV detector data 

in the context of SAMGs.  
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2. Materials and Methods 
 

This chapter discusses the main components of the robotic platform and the detector 

set used to characterize the radiation environment. In addition to this, the software 

development process will also be discussed.  

 

2.1. Robotics Component  
 

The unmanned ground vehicle (UGV) robot used in this study was the Clearpath 

Robotics (Kitchener, ON, Canada) Husky A200 UGV (Figure 16).90 Previously, work was 

performed with other UGVs such as the natively developed ‘RadBot’74 and the Clearpath 

Robotics Jackal.77 In comparison, the Husky UGV has a larger on-board platform for 

mounting supplementary devices. In addition to this, the maximum payload in the Husky 

UGV was 75 kg, thrice the capacity of the Jackal UGV (20 kg). Additionally, the Husky 

also has a three-hour run time, stands 3.9 cm tall, and has a maximum speed of 1 meter per 

second. The on-board components of the Husky include a state-of-the-art LiDAR (light 

detection and ranging) system (the SICK LMS-211 2D), a Garmin GPS, as well as a router.  

For on-board calculations and local control of devices, a supplementary laptop can be 

mounted. The Husky UGV is also capable of performing move-base navigation (basic 

autonomous planning and movement), simultaneous localization and mapping (SLAM), 

and adaptive Monte Carlo localization (AMCL). These features were not used in this study 

and are beyond the scope of this thesis.  
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Figure 16: Husky UGV at the Ontario Tech University campus (left) and its schematic 

designs on the right.90 

 

Table 6: Husky UGV specifications.90 

Feature Specification 

Dimensions 990 × 670 × 390 mm3 

Weight 50 kg 

Payload Maximum: 75 kg 

All-terrain: 20 kg 

Maximum speed 1.0 m/s 

Clearance 130 mm 

Operating ambient temperature -10°C to 30°C 

Operating time 3 hours active 

8 hours standby 

Battery type 24 V 20 Ah 

Battery charge time 10 h 
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2.2. Characterizing Radiation Conditions 
 

In order to measure the dose rate due to gamma radiation, the ThermoFisher RadEye 

G  Gamma Survey meter was used.91 This handheld device is capable of measuring doses 

of up to 1,000 R. With regards to the dose rates, the RadEye is capable of measuring dose 

rates as low as 50 µR per hour and as high as 10 R per hour. The energy range in which 

doses can be reliably (within 30%) measured ranges from 45 keV to 1.3 MeV. This device 

is also equipped with a Bluetooth Low Energy (BLE) Adapter which allows for the transfer 

of information via Bluetooth to a mobile device or computer.  

 

  

Figure 17: ThermoFisher RadEye G Gamma Survey Meter. The image on the right 

shows the BLE adaptor at the back of the RadEye. 
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Table 7: Features of the ThermoFisher RadEye.91 

Dimensions 9.6 cm x 3.1 cm x 6.1 cm 

Weight 0.18 kg 

Detection method Geiger-Muller tube (energy compensated) 

Detection range 0.5 µSv/h - 100 mSv/h 

Energy range 45 keV - 3 MeV 

Cs-137 (662 keV) count rate 1.7 cps per µSv/h 

Battery 2 AAA batteries, 900 h life 

 

2.2.1. Collection Time Optimization 

 

Prior to mounting the RadEye onto the Husky UGV, the optimal parameters for the 

detector had to be determined. Of critical importance to the measurement of dose is the 

collection time. One of the modes of operation for the RadEye involves choosing between 

‘Scaler mode’ and ‘Ratemeter mode’. The latter operates to provide a real-time estimate of 

the dose rate that updates every second, whereas the former provides a time-integrated dose 

rate measurement. Given that the RadEye is an energy compensated Geiger-Müller tube, a 

longer collection time using scalar mode would allow for more counts to be read by the 

detector and thus a more accurate measurement of the dose rate.  
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In this optimization experiment, several collection times were tested. These 

included 1, 5, 20, 40, 60, and 120 seconds; 50 readings were taken for each experiment. 

For all readings, the RadEye was kept at a fixed position, approximately 1 metre above the 

ground (Figure 17) in an open field in the Durham Region. These times were chosen to 

serve as a range between early, ideal, and long measurement times for the case of dose rate 

monitoring with the Husky UGV. Measuring for 1 second would seem too fast and likely 

to produce an inaccurate measurement, while measuring for 120 seconds may produce a 

more accurate and precise dose rate value, albeit for an impractical measurement time. The 

quantification of finding the right balance between speed of measurement and accuracy of 

results was the goal of this experiment. 

All measurements were recorded, and appropriate statistical analysis were carried 

out using Microsoft Excel. These results can be seen in Figure 28 to Figure 33. The results 

generated here form the basis of the external dose assessment, as discussed in Section 2.4. 
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Figure 18: The handheld RadEye G91 experimental setup for 20 

second dose rate collection time, 1 metre over the surface of the 

ground. 

 

2.2.2. Isotope Identification 

 

For identifying radionuclides through gamma spectroscopy, a Rexon GPS-200 2x2 

NaI(Tl) scintillation detector is used in conjunction with the Universal Spectrum Analyzer 

(URSA-II) spectrum analyzer device (Figure 19 and 20), manufactured by S.E. 

International. Present radionuclides are identified using the accompanying multi-channel 

analyzer (MCA) software. It is important to note that gamma spectroscopy data from the 

URSA does not port directly to the SARC software, but the data files generated by the 
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URSA’s Multi Channel Analyzer (MCA) software have a .usf file extension, which can be 

read in MATLAB as text (.txt) files. 

  

Figure 19: Universal Spectrum Analyzer (URSA)-II device which couples to the NaI(Tl) 

scintillator. Both the side view (left) and connections (right) are shown. 

 

Figure 20: The measuring component of the setup. This casing contains the NaI(Tl) 

scintillator coupled to a photomultiplier tube using optical glue. 

The principles of application of the spectroscopy system are described in the 

spectroscopy section in the introduction.  
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Due to detector malfunction and limited access to the laboratory, the URSA spectra 

files were provided by Steinmeyer, P. from Radiation Safety Associates, Inc. The raw files 

were used for the analysis in this project. Details of the measurement conditions and 

detector settings can be found in Table 8. As previously discussed, the two spectra used 

were: 1) 137Cs spectrum, and 2) a mixed field spectrum consisting of peaks from 137Cs, 

60Co, and 57Co.  

Table 8: Parameters from the NaI(Tl) spectra measurement. Spectra were obtained from 

Steinmeyer, P. from Radiation Safety Associates, Inc. 

Parameter 137Cs Measurement Mixed Field Measurement 

Manufacturer Rexon Rexon 

Serial No.  0703-01 0703-01 

Description 2×2 NaI(Tl) 2×2 NaI(Tl) 

Cable length (in.) 36 36 

Voltage (V) 950 950 

Counting time (s) 600 1,800 

URSA II MCA Version 2.0.18 2.0.18 

 

2.3. Air Sampling 
 

For severe accident conditions, it is also important to assess the weather conditions, 

as well as the air quality using air sampling equipment. More importantly, air quality 

monitoring equipment can be used to determine the air concentration of various 

radioisotope-sized particles, giving emergency workers a course estimation of contaminant 
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dispersion in air. The distribution of particle sizes can also allow for estimations to be made 

on internal dose as a result of inhalation. 

To perform air sampling for particles of various sizes, the PurpleAir (or PA) SD-II 

Air Quality Sensor (PurpleAir; Draper, Utah) was used.3 The sensor is a small, stationary, 

and cost-effective device that can sample particles at sizes of 0.1, 0.3, 0.5, 1.0, 2.5, 5.0, and 

10 micrometres, determine particle concentrations, and transmit data in real-time using 

Internet of Things (IoT) principles. This device is shown in Figure 21. 

  

Figure 21: PurpleAir SD-II Air Quality Detector.3 On the left, the side view of the 

detector is shown while on the right, the two lasers used to measure air quality are 

shown. 

 

The sensor is equipped with an internal SD card and two pre-calibrated Class 1 

laser particle counters (PMS5003) for validating the data it collects against the other laser 

sensor. To begin using the sensor, it had to be registered on the PurpleAir cloud network, 

since the PA is an IoT device; the sensor collects and stores the air quality data in a cloud 

environment for the user to download. In remote areas where internet connectivity is 

unavailable (or if circumstances cause internet connection to be unavailable, like in severe 
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weather conditions), the data is stored in the internal SD card as a backup, and can be 

physically retrieved to access later.  

Table 9: Features of the PurpleAir SD-II Sensor.91 

Dimensions 8.5 cm x 8.5 cm x 12.5 cm 

Weight 0.352 kg 

Measurement method Two laser particle counters (PMS5003) 

Laser measurement range 0.3, 0.5, 1.0, 2.5, 5.0, 10 µm 

Counting efficiency 50% (for 0.3 µm); 98% (for ≥0.5 µm) 

Response time ≤ 1 s (single), ≤10 s (total)  

Volume 0.1 L 

Temperature range -40℃ - 85℃ 

 

The main benefit of this device is that it is a robust sensor capable of identifying 

many characteristics of the surrounding atmosphere, including weather conditions like 

temperature and humidity, while also providing health alerts when the concentration of 

particles reaches certain thresholds. Since it is does not rely on batteries, the device can 

also collect data for long periods of time provided that it is connected to a power source; 

the PA used in this study collected data over many months. 
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2.3.1. PurpleAir Sensitivity Tests 

 

The air sampler was placed in a fixed position outdoors and a particulate substance 

was directed towards the sensor for 30 second intervals for a total of 15 minutes (Figure 

22). The sensitivity of the PA was tested using two different particulate substances: dust 

and talcum powder (Mg3Si4O10(OH)2).  

Dust was chosen as it contains several particulate sizes below 100 µm (typically 

present in sizes ranging from 1.0 to 100 µm) in diameter as well as a diverse set of 

constituents, as described by the National Institute of Standards and Technology in the 

USA.92,93 In this experiment, the dust used was collected over the period of 1 week from 

various indoor positions. Talcum powder was used given that it is present in particle sizes 

ranging from 0.3 to 100 µm, and has a median particulate diameter of 24 µm, which is 

close to the potential radioisotope particle diameters that would be measured in an accident 

scenario.94  

Of particular importance is the detection of particles below 10 µm in size, as this 

range is significant for internal dosimetry. Airborne radioactive particles at this size are 

considered respirable, as they are deposited into the deep lung, transported into the 

bloodstream and eventually deposited into tissue as energy, which is the absorbed dose 

quantity.  

2.3.2. Long Term Stability Tests 

 

In order to determine the PA’s long-term stability, indoor measurements were taken 

daily for two months (March 4th, 2021, to May 1st 2021) with a 6-hour averaging time. The 

results were plotted and any trends were quantified.  
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Figure 22: Experimental setup of PurpleAir SD-II sensor. On the left, the device ID 

and barcode are redacted for privacy. On the right, the brightness of the image was 

increased to increase the visibility of the underside of the PA. 

 

2.4. Development of Software Component 
 

As mentioned previously, one of the main goals of this project was to develop a 

graphical user interface (GUI) software that can allow for the “data fusion” of the readings 

from the various detectors that would be integrated with the robotic platform. This would 

entail the readings of the multiple sensors to be displayed in the interface, along with 

visualizations to allow for easy interpretation of the data for a user located off-site. 

To accomplish this, the first step was to choose an easy-to-use, flexible, and lightweight 

tool that would allow for the development of such a software. The initial choice was to 

develop the software using the Python programming language95 and a combination of 

different Python libraries, namely Tkinter96 to construct the software, and NumPy97 and 

SciPy98 for any calculations. A tentative script was constructed that was able to perform 

basic dosimetry calculations, but the main challenge in using Python was that it was 
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difficult to read and visualize the data from the sensors, which is ultimately the main 

purpose of the GUI. Additionally, any future steps taken to completely integrate the 

software with the Husky UGV (which runs on the Robot Operating System, or ROS) would 

be complicated since the integration of Tkinter with ROS was not found to be a 

straightforward process. Lastly, general computational and development issues like certain 

libraries not being installed or not being able to run on the native operating system caused 

increased difficulty in the continued development of the software. It was at this point that 

the Python interface was abandoned and MATLAB99 was adopted as the software of 

choice. 

Unlike Python, MATLAB has many powerful built-in libraries that can operate for any 

number of applications. This was the natural next choice due to its ability to communicate 

with ROS in different applications.99 Also, MATLAB is a very powerful programming 

software that does not require any further installations on the part of the user (aside from 

the initial installation), thus allowing for smooth, uninterrupted development. Most 

importantly, the data from the three sensors was easily able to be read, displayed, and 

visualized in MATLAB.  
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2.4.1. Response Algorithm  
 

The name given to the software is the ‘Severe Accident Radioactivity 

Classification’ software, or simply SARC. The main purpose of this software is to allow a 

user or operator located at an off-site location to be able to assess the radiological effects 

of a potential severe accident based on data collected and received from the sensors 

attached to the Husky UGV. Based on the sensors used, the user would be able to assess 

the gamma dose rate and classification of airborne radioactivity. As well, the user will be 

able to assess the dose levels to first responders located in the vicinity of the UGV based 

on classification of early, intermediate, and long-term effects as outlined by the ICRP in 

their report on large nuclear accidents.21.  

The key features of this software and their development methods are outlined below 

by each of their respective tabs. The software algorithm is visualized in Figure 23, which 

shows the devices that are meant to be placed onto the Husky UGV, followed by their 

independent methods of transmitting data to the computer. Once the data files are received 

by the computer, they can be analyzed further in the SARC software. 

 Analysis performed in the SARC allows for a user to understand external and 

internal dose effects based on the data collected by the three detectors. The RadEye 

provides gamma dose rate values, while the air sampler, in conjunction with the URSA-

II, allows for the rough estimation of internal dose resulting from inhalation. 
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Figure 23: General workflow of the SARC software. 
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Figure 24: ‘Main’ tab of SARC software. Features include a quick estimate of air 

quality based on number of particles present and a quick estimate of effective dose 

based on dose rate of a selected radioisotope. 

 

One major component of the SARC software is an alert system which notifies 

emergency workers of the danger levels based on the RadEye gamma dose rate 

measurements. This alert system triages the alert based upon the values given in ICRP 

146.21 These risk levels are shown in Table 10. The values in green are what that specific 

category has been set to in the SARC software, within the defined bands and recommended 

limits from ICRP 146. 
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Table 10: SARC adaptation of ICRP 146 reference level limits by phase. 

 Location Early Intermediate Long-term 

Responders 

On-site 

< 100 mSv 

Set to 250 mSv 

< 100 mSv < 20 mSv/year 

Off-site < 100 mSv < 20 mSv/year 

1-20 mSv/year 

Set to 5 mSv per year 

Public Off-site < 100 mSv 

1-20 mSv/year 

Set to 2 mSv per year 
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Figure 25: ‘Gamma Dose Rate’ tab of SARC software. 

 

Users can select from a set of locations to have a map appear with the dose locations and 

their respective dose rates. The user can also select their role as either a ‘Responder’ or 

‘Member of the Public’; dose reference levels (DRLs) from ICRP 146 will then advise 

the user on recommended actions. 
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Figure 26: ‘Air Sampling’ tab in SARC. Data collected by the PurpleAir sensor can be 

loaded and visualized here. 

As depicted in Figure 26, the user can load and visualize data collected by the 

PA sensor as a size distribution based on the date of collection. Currently the software 

loads data for 10 and 60 minute averaging times. 
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As can be seen in Figure 27, the user is able to select the present radioisotopes based 

on the spectrum data from the URSA-II MCA software, and can find out important 

information of said radionuclide. 

 

 

Figure 27: ‘Isotope ID’ tab in SARC.  
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3. Results 
 

The results obtained from the different experiments performed during this project 

are outlined in this section. These can be categorized as results obtained for optimizing 

dose rate measurement times with the RadEye G Gamma Survey Meter, and results for 

determining the long-term stability and sensitivity of the PurpleAir Sensor. 

 

3.1. Dose Rate Measurements 
 

The dose rate measurements described here were made against background radiation; 

no external sources were used in these experiments. The reasons for this are outlined in the 

Discussion section. 

3.1.1. Collection Time Optimization 

 

In this section, the collection time on the RadEye dose rate measurement function 

was optimized. For each collection time interval, 50 readings were taken. The mean and 

standard deviation for each case was quantified. 

The dose rate measured for a 1 second collection time can be seen in Figure 28. The 

error bars correspond to the standard deviation of the mean. It is clear by the variation in 

the measured data points that the 1 second collection time does not provide a stable, average 

dose rate value over 50 readings. 
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Figure 28: Dose rate measured using 1 s collection time on the RadEye detector. 

 

In Figures 29 to 33, the dose rate was determined for collection times of 5, 20, 40, 

60, and 120 seconds. It is clear that an increased collection time is directly proportional to 

an increased collection time (seen in Table 11), as the stability of the results is at its highest 

for a 120 second collection time dataset, seen in Figure 33. However, despite providing the 

most stable dose rate results, it is also impractical in a real-life severe accident scenario for 

the Husky UGV to spend this long collecting one data point. Since this is too long, a shorter 

collection time like 20 seconds seems more practical, especially due to a relatively low 

standard deviation in measurements, as seen in Table 11. 
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Figure 29: Dose rate measured using 5 s collection time on the RadEye detector. 

 

Figure 30: Dose rate measured using 20 s collection time on the RadEye detector. 
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Figure 31: Dose rate measured using 40 s collection time on the RadEye detector. 

 

Figure 32: Dose rate measured using 60 s collection time on the RadEye detector. 
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Figure 33: Dose rate measured using 120 s collection time on the RadEye detector. 

 

Table 11: Mean and standard deviations for each collection time interval tested. 

Collection 

Time (s) 

Mean Dose 

Rate (𝑫̅̇; 

µSv/hr) 

Standard 

Deviation (𝝈; 

µSv/hr) 

Standard Deviation 

(% of 𝑫̅̇) 

1 0.27 0.41 155% 

5 0.17 0.11 95% 

20 0.17 0.071 43% 

40 0.13 0.054 42% 

60 0.15 0.044 30% 

120 0.14 0.029 21% 
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Table 12: Comparison with natural background measurement in the Greater Toronto 

Area (GTA). 

 Annual Dose Rate Hourly Dose Rate 

Background dose in 

GTA100 

1.59 mSv/yr 0.182 µSv/hr 

Measured dose (20 s) 

1.49 mSv/yr (+ 0.6 

mSv/yr) 

0.17 µSv/hr (+ 0.07 

µSv/hr) 

Absolute Difference 0.10 mSv - 

% Difference 6.7% - 

 

In Table 12, the dose rate measurements made with the RadEye were compared to 

background radiation data reported by the CNSC 100. Since the RadEye was operated in the 

Durham Region, the data was compared to the reported background annual dose rate value 

for the Greater Toronto Area. The comparison shows that there was only a 6.7% difference 

between the reported and experimentally obtained values for a 20 second collection time.  
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3.2. Isotope Identification 
 

In this section, two radioisotope samples were examined. Due to technical difficulties 

with the NaI(Tl) detector, spectra collected by the manufacturer were used for the analysis 

component. As described in the methods section, two samples were measured. The first 

sample was a 137Cs spectra, while the second was a mixed field spectrum consisting of 

137Cs, 60Co, and 57Co. The URSA software allows for the user to specify the channel and 

peak energies for the energy calibration. For both spectra, the energy calibration plots are 

shown in Figures 34 and 37. For 137Cs, the two peak energies used were the full energy 

peak of 661.7 keV and 32.89 keV. 
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Figure 34: Channel-to-energy calibration for the 137Cs used in the URSA analysis 

software.   

 

The two 137Cs energies correspond to the 661.7 keV and 32.98 keV peaks. The 

slope of this plot (0.9868 keV per channel) was used to convert the spectra from channel 

binned to energy binned as shown in Figures 35 and 36. The calibration to energy is 

generally the product of the gain and channel plus the offset. 
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Figure 35: Energy spectra for 137Cs measured using the URSA NaI(Tl) detector and 

analyzed using the URSA software. Data provided by Steinmeyer, P. from Radiation 

Safety Associates, Inc. Peak labels correspond to Table 13. 
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Figure 36: Energy spectra for 137Cs measured using the URSA NaI(Tl) detector and 

analyzed using the URSA software shown with the y-axis in the logarithmic scale. 

Data provided by Steinmeyer, P. from Radiation Safety Associates, Inc. 
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Figure 37: Channel-to-energy calibration for the mixed field data used in the URSA 

analysis software.   

 

The energy points correspond to the two from 137Cs (661.7 and 32.98 keV), one 

from 60Co (1332.5 keV), and one from 57Co (122.06 keV). The slope of this plot (0.3423 

keV per channel) was used to convert the spectra from channel binned to energy binned as 

shown in Figures 38 and 39. 
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Figure 38: Energy spectra for the mixed field measured using the URSA NaI(Tl) 

detector and analyzed using the URSA software. Data provided by Steinmeyer, P. from 

Radiation Safety Associates, Inc. 

 

 

0

1,000

2,000

3,000

4,000

5,000

6,000

0 200 400 600 800 1,000 1,200 1,400

C
o
u

n
ts

Gamma Energy (keV)

Mixed Fld. Data

A
B

C

D

F

E
G

H 



66 

 

 

Figure 39: Energy spectra for the mixed field measured using the URSA NaI(Tl) 

detector and analyzed using the URSA software shown with the y-axis in the 

logarithmic scale. Data provided by Steinmeyer, P. from Radiation Safety Associates, 

Inc. 

 

Table 13: Identification of all peaks in the 60Co, 57Co, and 137Cs spectra shown in Figures 

35, 36, 38, and 39.  

Peak Isotope Energy Description 

A 

60Co 

 

1.17 MeV Full energy peaks are centred at approximately 1.17 

and 1.33 MeV. These values agree with the decay 

scheme of 60Co. These incident gamma rays 

completely dissipate their energy to charged particles 

in the scintillator which creates light corresponding 

to the incoming energy.101 

B 1.33 MeV 
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C 0.89 MeV 

Compton edge which is the maximum energy of the 

scattered electrons. When the initial gamma ray 

collides with and scatters an electron through the 

Compton effect. A portion of these scattered 

electrons also go on to produce light in the 

scintillator. In order to verify this, the energy of the 

Compton edge can be calculated and is shown below.  

D 
57Co 

 

0.13 MeV Full energy peaks of 57Co centred at approximately 

0.122 and 0.136 MeV according to the 57Co decay 

scheme.101 
E 0.14 MeV 

F 

137Cs 

0.66 MeV Full energy peak of 137Cs. 

G 0.46 MeV 

Compton edge: caused by the 137Cs photons that 

undergo the Compton effect and produce light inside 

the scintillator. The calculation to validate the 

measurement is shown below.  

H 0.033 MeV 

137Cs decays into 137Ba, which has a Kα mean 

transition energy of 32.89 keV.101
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Compton Edge Calculation 

In this calculation, the theoretical energy of the Compton edge for both 137Cs and 60Co was 

calculated. This is done by utilizing the formula for the Compton wavelength shift post 

photon-electron collision46: 

∆𝝀 =
𝒉

𝒎𝟎𝒄
(𝟏 − 𝒄𝒐𝒔𝜽) 

60Co Compton Edge Calculation 

In this calculation, the theoretical energy of the Compton edge for both 137Cs and 60Co was 

calculated. This is done by utilizing the formula for the Compton wavelength shift post 

photon-electron collision46: 

∆𝝀 =
𝒉

𝒎𝟎𝒄
(𝟏 − 𝒄𝒐𝒔𝜽) 

𝜆𝑓 = 𝜆𝑖 +
ℎ

𝑚0𝑐
(1 − 𝑐𝑜𝑠𝜃) 

The maximum energy transferred to the scattered electron and therefore lost by the 

gamma ray occurs when 𝜃 = 180°, 

𝜆𝑓 = 𝜆𝑖 +
ℎ

𝑚0𝑐
(1 − 𝑐𝑜𝑠180°) 

𝜆𝑓 = 𝜆𝑖 +
ℎ

𝑚0𝑐
(2) 

𝜆𝑓 =
1240

𝐸
𝑛𝑚 +

ℎ𝑐

𝑚0𝑐2
(2) 

𝜆𝑓,1.17 = 0.0010598𝑛𝑚 +
2(1240𝑒𝑉 ∗ 𝑛𝑚)

511𝑒𝑉
 

(2) 

(3) 
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𝜆𝑓,1.17 = 0.00596 𝑛𝑚 

𝐸𝑓,1.17 = 208,000𝑒𝑉 = 0.208𝑀𝑒𝑉 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 1.17 𝑀𝑒𝑉 − 0.208 𝑀𝑒𝑉 = 𝟎. 𝟗𝟔𝟐 𝑴𝒆𝑽 

 

For the 1.33 MeV gamma ray,  

𝜆𝑓,1.33 = 0.00093233𝑛𝑚 +
2(1240𝑒𝑉 ∗ 𝑛𝑚)

511𝑒𝑉
 

𝜆𝑓,1.33 = 0.005832 𝑛𝑚 

𝐸𝑓,1.33 = 213,000𝑒𝑉 = 0.213𝑀𝑒𝑉 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 1.33 𝑀𝑒𝑉 − 0.213 𝑀𝑒𝑉 = 𝟏. 𝟏𝟖 𝑴𝒆𝑽 

 

137Cs Compton Edge Calculation 

 

∆𝜆 =
ℎ

𝑚0𝑐
(1 − 𝑐𝑜𝑠𝜃) 

𝜆𝑓 = 𝜆𝑖 +
ℎ

𝑚0𝑐
(1 − 𝑐𝑜𝑠𝜃) 

The maximum energy transferred to the scattered electron and therefore lost by the 

gamma ray occurs when 𝜃 = 180°, 

𝜆𝑓 = 𝜆𝑖 +
ℎ

𝑚0𝑐
(1 − 𝑐𝑜𝑠180°) 
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𝜆𝑓 = 𝜆𝑖 +
ℎ

𝑚0𝑐
(2) 

𝜆𝑓 =
1240

660,000𝑒𝑉
𝑛𝑚 +

ℎ𝑐

𝑚0𝑐2
(2) 

𝜆𝑓 = 0.001879𝑛𝑚 +
2(1240𝑒𝑉 ∗ 𝑛𝑚)

511𝑒𝑉
 

𝜆𝑓 = 0.00678 𝑛𝑚 

𝐸𝑓,𝑃𝐻𝑂𝑇𝑂𝑁 = 183,000𝑒𝑉 = 0.18𝑀𝑒𝑉 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 0.66 𝑀𝑒𝑉 − 0.18 𝑀𝑒𝑉 = 𝟎. 𝟒𝟖 𝑴𝒆𝑽 

 

Table 14: Spectroscopy parameters. Dead time could not be obtained as the spectra were 

obtained from Steinmeyer, P. from Radiation Safety Associates, Inc. 

 137Cs Mixed Field 

Collection Time 600 s 1,800 s 

Estimated Dead Time N/A N/A 

Voltage 950 V 950 V 

Energy Conversion 0.9868 keV/channel 0.3423 keV/channel 

Total Counts 971,539 4,329,138 
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3.3. Air Sampling 
 

Outlined here are the results obtained through two sets of experiments performed with 

the PurpleAir SD-II Air Quality Sensor, or ‘PA’. The first experiment examined the PA 

stability over measuring air samples over a long period of time, and the second set of 

experiments examined the sensitivity of the PA to determine various particle sizes, ranging 

from 0.3 to 10 µm, which are the relevant ranges for internal dose effects resulting from 

inhalation. 

3.3.1. PurpleAir Stability over Time 

 

As mentioned, the first experiment examined the stability of the PA in measuring 

and collecting air samples over a long period of time. This is an important parameter to 

consider, especially when comparing the differences in air quality from before and after 

occurrences of incidents where a plume may or may not be present for a given period of 

time. In this case, the PA sampled air from March 4th, 2021 to May 1st, 2021 to determine 

whether the air quality was stable in a controlled outdoor environment. Figure 40 depicts 

the number of particles of size 1 and 5 µm sampled per decalitre with the PA over the given 

timeframe, with a 6-hour average sampling time. 
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Figure 40: Stability of PurpleAir measurement over the course of two months (March 

4th 2021 to May 1st 2021) with a 6 hour averaging time. 

 

As can be seen from Figure 40, the slopes of the fit lines for both 1 and 5 µm are nearly 

zero, providing strong evidence that the PA is a suitable device for long term air sampling 

due to the stability of sampling results produced from close to two months of continuous 

measurements. 
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3.3.2. Sensitivity Analysis  

 

The results of the sensitivity analysis of the PA device are shown in Figure 41. 

Sensitivity was determined with respect to the ability of the PA to effectively discriminate 

sampled air particles based on particle sizes of 0.3, 0.5, 1.0, 2.5, 5.0, and 10.0 µm. While 

this can be determined through passive sampling (i.e. allowing the PA to passively sample 

particles in its surrounding environment), the goal here was to mimic the air quality 

conditions following a severe accident. To do this, non-radioactive particle stimulants, 

namely talcum powder and dust, were sprayed in the direction of the PA to assess its 

sampling ability. 

 

Figure 41: Air sampler data collected using the PurpleAir device after talcum powder 

exposure for several particulate sizes including: 0.3, 0.5. 1.0, 2.5, 5.0, and 10.0 µm.  
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The data shown here was collected using 10-minute collection times as described in the 

Methods section. Two minutes after collection began, the PurpleAir device was exposed 

to a plume of talcum powder. 

 

 

Figure 42: Air sampler data collected using the PurpleAir device after talcum powder 

exposure for particles of size 1.0 and 5.0 µm sampled per dl. 

 

The results for 1 and 5 µm sampled per decalitre are explicitly shown because these 

two particulate matter sizes have the most significance in the nuclear accident setting with 

regards to inhalation dose, according to ICRP 119.102 The data shown in Figure 42 was 

collected using 10-minute collection times as described earlier. Two minutes after 

collection began, the PurpleAir device was exposed to a plume of talcum powder (shown 

in red). 
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Figure 43: Air sampler data collected using the PurpleAir device after dust exposure 

for several particulate sizes including: 0.3, 0.5. 1.0, 2.5, 5.0, and 10.0 µm particles per 

dl.  

 

The data shown in Figure 43 was collected using 10-minute collection times as described 

in the Methods section. Two minutes after collection began, the PurpleAir device was 

exposed to a plume of dust. 
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Figure 44: Air sampler data collected using the PurpleAir device after dust exposure 

for several particulate sizes including: 1.0 and 5.0µm sampled per dl. 

 

Seen in Figure 44 is the same data seen in Figure 43, but isolating for particles of size 1 

and 5 um, which are relevant for internal dosimetry. The exposure incidents are highlighted 

in red. 
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4. Discussion 
 

The purpose of these experiments was to determine the optimal detector parameters 

and sensitivities for a specific detector set aiming to measure dose rate, identify 

radionuclides, and characterize airborne radioactivity for robotic applications in severe 

accident scenarios. This was achieved by performing experiments that optimized the 

collection time of the RadEye G Gamma Survey Meter, tested the PA Air Sampler’s 

sensitivity and long-term stability, and by developing software that is able to read, 

visualize, and process data from the multiple sensors used.  

Since the specific application of these devices was for severe accident management 

purposes, certain regulatory equipment qualifications were considered with the 

instrumentation used.103 These involved considering equipment based on their suitability 

to perform the intended functions, and their capability to withstand external hazards, 

electromagnetic disturbances, and the potential harsh environmental conditions following 

an accident scenario. One of the most important aspects of assessing equipment for reliable 

performance is the environmental profile103, which looks at certain parameters as a function 

of time that results from severe accident conditions. For example, radiation profiles can be 

generated in the form of dose rate versus time; similarly, the air quality can be measured 

as a function of time, which has been an objective of this work that has been met with the 

experiments conducted. 

The IAEA technical document titled ‘Assessment of Equipment Capability to Perform 

Reliably under Severe Accident Conditions’ mandates that the assessment of equipment 

capabilities under severe accident conditions must consider certain factors. The 
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availability, accessibility, and functionality of all instruments needs to be ascertained. In 

the case of the detector set that was examined in this study, all three aspects were relatively 

easy to quantify. The devices examined are all available for public use and purchase, and 

are made easily accessible due to their respective sizes and ease-of-use with regards to data 

and software. Finally, they all serve the required purpose with regards to functionality by 

effectively measuring the desired parameters in the conditions they were tested in. In 

addition to this, the other factors that the IAEA discussed in their report included: 

uncertainty in loading instrument parameters, location of equipment, and electrical 

performance of the equipment under harsh considerations.  

According to Canadian regulations34, one of the requirements for plant operating 

licensees is the development of an accident management program. Within this program, 

they must utilize instruments that can ‘obtain information, as necessary, on key parameters’ 

which include temperatures and radiation levels, both of which can be sensed by the PA 

and RadEye, respectively.3,34,91 It must also be demonstrated ‘with reasonable assurance 

that the equipment and instruments used in severe accident management will survive and 

perform their intended functions in the ensuing harsh conditions’. The PurpleAir, RadEye, 

and Husky UGV are designed to be highly robust and to maintain operations in very harsh 

weather conditions, however, with regards to the PA, there have not been other uses in the 

literature for nuclear applications. To that end, further research is required in radiation 

effects, hardening, and survivability of the Husky and the PA sensor. Additionally, the 

robustness of the NaI(Tl) scintillator detector used in this work has not been examined.  
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4.1. Radiation Measurements 
 

In this work, the RadEye G Gamma Survey Meter was used to measure the dose rate 

at a given point. Given that the RadEye is an energy compensated Geiger-Müller detector, 

longer collection times would allow for more accurate and precise measurements of dose 

rate.46,66 However, in the context of its use in this work, longer collection times would mean 

that the fully-equipped Husky UGV would be stationary for a prolonged period of time. 

This would prevent it from being able to quickly map and assess the entire area and would 

be a futile use of limited battery resources.  

Considering these limitations, several collection times were examined. These time 

periods included 1, 5, 20, 40, 60, and 120 seconds. As shown in Table 10, the standard 

deviation across different collection times varied greatly. For the shortest collection time 

of 1 second, the standard deviation is 155.4%. This reduced to 21% for the 120 second 

collection time. The mean dose rates and standard deviations for all collection times greater 

than 1 second did not vary significantly. In order to balance UGV positional stagnancy and 

accurate dose rate measurement, a collection time of 20 seconds was determined to be 

ideal. 

In Table 12, the measured dose rates are compared to the background radiation dose 

rates as determined by the CNSC.100 The tabulated background radiation dose rate in the 

Greater Toronto Area is 1.59 mSv per year. In this work, the measured background dose 

rate was found to be 1.49 mSv per year (+ 0.6 mSv per year). This dose rate was measured 

using a 20 second collection time. The measurement in this work was approximately 6.7% 

less than the CNSC tabulated value. There may be several reasons for this discrepancy. 
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Firstly, the RadEye detector contains a small active collection volume, potentially leading 

to large variations in measurement. Next, the measurements taken in this work were done 

in Durham Region, Ontario, approximately 30 minutes from downtown Toronto. Slight 

variations in altitude and environmental conditions may also explain this discrepancy. 

As mentioned by the IAEA103, the response time of an instrument used in an accident 

response scenario must be considered in the context of the original function of the 

instrument. In this case, a 20 second collection time will be associated with relatively large 

(up to 43%) variation, however, given the UGV’s function and the response time post-

accident, this is an acceptable characteristic.  

In a study from Brookhaven National Laboratory104, the RadEye Personal Radiation 

Detector (PRD) and PRD-Extended Range (PRD-ER) models were deemed as appropriate 

devices for monitoring and surveying in what the USA’s National Council on Radiation 

Protection and Measurements105 (NCRP) defines as the Cold Zone. The cold zone is where 

the dose rate is below 10 mR per hour, since that is the maximum measuring range of the 

device (specific to the PRD). It stands to reason that the RadEye G, given that it has a 

maximum measuring range of 10 R per hour, would be suitable for radiation surveying use 

in the Cold Zone and the Hot Zone (exposure rate less than 10 mR per hour), but not in the 

Dangerous Radiation Zone (DRZ) where the exposure rate exceeds the 10 R per hour limit 

of the RadEye G. Therefore, based on regulatory requirements106 for accident management 

instrumentation, the RadEye is a suitable device for monitoring in areas where the dose 

rate does not exceed 10 R per hour, or 100 mSv per hour. 
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4.2. Spectroscopy Results 
 

As previously explained, due to detector issues and COVID-19, spectroscopy 

measurements were not taken, however, two measured spectra were used for the analysis 

and software validation in this work (courtesy of P. Steinmeyer from Radiation Safety 

Associates, Inc.). It was known that first spectra corresponded to a 137Cs source, while the 

second corresponded to a mixed field measurement of 137Cs, 57Co, and 60Co. The energy to 

channel calibration for both spectra are shown in Figure 34 and 37. These were done using 

the full energy peaks from each of the isotopes examined. The URSA software is capable 

of doing this internally, however, this was done in order to validate the software. This was 

especially important considering the originally planned integration of the spectra results 

into the SARC MATLAB code. The spectra for both are shown in Figures 35 and 38 in the 

results section. The origin of each of the peaks are outlined in Table 13 and the position of 

the 137Cs and 60Co Compton edges were verified mathematically.  

Both measurements were done using a high voltage of 950 V; the collection times 

were 600 s and 1800 s for 137Cs and 60Co, respectively. These relatively short spectroscopy 

time periods are appropriate in the post-accident context of the project.  

 

4.3. Air Sampling Measurements 
 

As previously described, air sampling measurements were conducted using the 

PurpleAir system. There were two main tests in the air sampling section: 1) long term 

stability, and 2) sensitivity to different particulate types. In the first experiment, the 

PurpleAir was used to measure 1 and 5 µm particulate matter twice daily for two months 
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(Figure 40). For the second component, two sample materials were used in the sensitivity 

tests: dust and talcum powder. Dust was ideal for use because it contains several particulate 

diameters and material compositions (both organic and inorganic). According to the 

National Institute of Standards and Technology (NIST), both urban and indoor (general) 

dust contains particulate matter smaller than 100 µm.92,93 Talcum powder was also used 

because it was comprised of a uniform material composition and had a medium particle 

diameter of 24 µm.94 

As shown in Figure 40, the long-term stability of both the 1 and 5 µm particulate 

matter measured using the PurpleAir was quantified. Over two months, the linear line of 

best fit indicated that there was an increase of 0.015 counts per day for the 1.0 µm size and 

an increase of 6.0×10-5 counts per day for the 5.0 µm particles. This slight trend upwards 

is largely negligible and may be attributed to natural changes in air quality as the seasons 

changed from winter to spring. In order to fully assess stability, measurements would have 

to be taken for the full year to understand natural environmental changes and how it 

compares to the PA stability. 

Figures 41 and 42 show the PA’s sensitivity when exposed to plume of talcum 

powder. As can be seen, there was a large reading after exposure with a steady decline until 

approximately the 1,000 minute mark. At this point, all particulate matter readings 

increased uniformly. This may be explained by either a movement in the PA’s position or 

orientation, or possibly a change in the ventilation of the room in which the PA was housed 

when placed indoors. When exposed to dust (twice; Figures 43 and 44), there was a sharp 

immediate increase followed by a steady decline as expected. Based on this, the PA can be 

said to be sensitive to particle sizes relevant in a nuclear accident scenario. There are two 
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major downsides to the PA device. First, the minimum reading time is 10 minutes. If the 

UGV is moving at high speeds, a measurement of air quality after 10 minutes may make it 

difficult to localize the position of high particulate (of interest) concentrations. Secondly, 

the PA requires an internet connection for real-time monitoring to function. In a post-

accident scenario, there may be significant infrastructure damage which may render the PA 

useless due to power outages. More robust connectivity for the PA must be explored, 

including Bluetooth or USB-based connections.  

As mentioned earlier, the particle size distribution data gathered by the PA can be 

used to make internal dose estimations as a result of inhalation based on particle size-

dependent dose conversion factors (DCFs).66,102 This can be done using the DCFs outlined 

in ICRP documentation102 (see Table A.1 in Appendix) for 1 and 5 µm, or by generating 

DCFs based on larger particle sizes in a program like IMBA.107 The DCF is dependent on 

particle size since the diameter determines the region of deposition within the respiratory 

tract, which in turn, influences the dose received due to inhalation. For example, a higher 

percentage of larger particles deposit in the upper airway, whereas smaller particles are 

generally deposited in the deep lung.108 

The data collected from each of the instruments can be used to make estimations of 

internal and external dose, as shown in the figure below. 
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Figure 45: Summary of data to dosimetry process with the instrumentation used 

As shown in the figure above, the dose rate obtained by the RadEye survey meter will 

allow for the external exposure to be determined, while the isotope identification data 

obtained from gamma spectroscopy using the URSA-II, in conjunction with the particle 

size distributions from the PA, will be able to provide estimates for internal dose. A sample 

calculation of a hypothetical scenario can be found in the Appendix. 

4.4. Comparison of UGVs and UAVs 
 

As mentioned in the introduction, unmanned aerial vehicles (UAVs) are also available 

in addition to ground vehicles (UGVs). While the use of UAVs is out of the scope of this 

work, it is important to briefly compare the two. Clearly, UAVs have the advantage of not 

being limited to pathways, views from greater latitude, and more degrees of control for the 

user. However, there are several benefits of UGVs. Specifically, UGVs such as the Husky 
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used in this project are more robust and can handle a heavier payload. As an example, the 

DJI Matice UAV has a maximum payload of 15.5 kg and can only hover for a maximum 

of 18 minutes.109  

In the context of a nuclear accident, it would be difficult to attach the spectrometer, 

dose rate meter, air sampler, and a computer onto a UAV platform. UGVs also are superior 

for radiation measurement because they will, by definition, be closer to contamination on 

the ground surface, allowing for accurate, faster measurements. UAVs have difficulties 

associated with radiation measurement because they must hover at the exact same position 

in 3D.83 Variations in altitude and position have found to yield inaccurate dose rate 

measurements.110 Additionally, the air sampling measurements obtained from a UAV 

would be inaccurate since the rotors used to fly the device influence the air currents in the 

UAV’s surrounding area. UGVs also typically have longer battery lives compared to aerial 

vehicles.  

 

4.5. Practical Considerations 
 

There are several other factors to consider before deployment of the fully equipped 

Husky UGV into a high radiation, volatile environment. Neither the testing nor 

optimization performed in this work were done under harsh or realistic conditions. It is 

imperative to understand if the results would remain consistent when measuring a 

radioactive field or under complex air quality conditions (such as high winds, moisture, 

etc.). The impact of all of these devices on the battery life of the Husky UGV must also be 
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considered. The various components and their power consumption requirements are 

outlined in Table 15. 

Table 15: Battery life of Husky UGV with added on detectors. The Husky’s battery lasts 

for 8 hours when on standby and 3 hours when moving. The total power available is 

192V.  

Device Power Requirement Internal Battery Life 

RadEye Gamma Doserate 

Meter 

2 AAA Batteries 900 hours 

PurpleAir SD-II Air 

Quality sensor 

Constant power required 

from UGV 

N/A 

URSA-II with NaI(Tl) 

Constant power required 

from UGV (950 V) 

N/A 

 

To mitigate depleting battery life, an external generator can be placed on the 

detector’s platform to extend the battery life to many hours. Another important 

consideration for practical application is the mass of all of the added components onto the 

Husky UGV. The Husky’s all-terrain operating payload is 20.0 kg. The total mass of all 

supplementary detectors and components is outlined in Table 16. The combined mass of 

the components outlined in this work is approximately 8.24 kg; leaving 11.76 kg for other 

devices. These other devices can include LiDAR sensors and cameras.  
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Table 16: Total mass of additional components added to Husky UGV platform. 

Device Mass (kg) 

RadEye Gamma Survey Meter 0.18 

PurpleAir SD-II Air Quality Sensor 0.71 

URSA-II 0.53 

2×2 NaI(Tl) 0.90 

MSI GT75 Titan 4.56 

MSI Power Supply 1.36 

Total 8.24 

Husky UGV 50.0 

Husky Maximum Payload 75.0 

Husky All-Terrain Payload 20.0 

 

4.6. Limitations 
 

Over the course of these tests, there have been many technical difficulties with the 

various instrumentation. First and foremost, the URSA-II device was unable to recognize 

the NaI(Tl) scintillation detector connected to it, despite meeting the power and software 

requirements of the accompanying MCA software. The device was sent to the manufacturer 

for repair, but issues persisted with recognizing the detector. Paul Steinmeyer from 
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Radiation Safety Associates, Inc. graciously provided us with sample spectra for the two 

cases examined.  

Next, the Husky UGV experienced consistent battery and power issues, which meant 

that tests with the current detector setup were unable to be performed. Additionally, the 

internal computer of the Husky UGV did not start up despite powering on the UGV itself, 

which meant that the controller could not connect and allow for the user to operate the 

robot. Discussions with Clearpath Robotics are currently ongoing to work to resolve these 

issues. 

 

Figure 46: Malfunctioning internal computer of Husky UGV. 

Since data was unable to be collected with the detectors using the Husky as a mode 

of transport, as a replacement, a dataset of gamma dose rate measurements was generated 

with the RadEye from simply walking in a set path, collecting the data for a scalar-

integrated timeframe, and holding the detector at the same height as it would be if it were 

placed on top of the Husky UGV. 
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With regards to air sampling, prior to the use of the PurpleAir SD-II sensor, the 

GRIMM Portable Aerosol Spectrometer was tested extensively. While this device is able 

to provide more accurate experimental data with respect to particle sizing than the PA SD-

II, it was unable to connect with the software on modern operating systems, as the GRIMM 

device was manufactured in the early 2000s and could only run on Windows XP. 

Additionally, the device was extremely sensitive to movement and was not designed for 

outdoor use, and would disconnect or shut off at the slightest disruption. As a result, it was 

determined that this device would not be suitable for implementation with the Husky UGV; 

if it were mounted onto the UGV it would neither connect to the natively developed 

software nor could it reliably demonstrate that it would remain running if the UGV were 

moving or if it had to move up and around an obstacle. 

 

Figure 47: Close-up of the GRIMM Portable Aerosol Spectrometer. 

Finally, the RadEye Bluetooth Low Energy (BLE) Adapter was a promising 

addition to the detector integration lineup, as it would be able to provide wireless 

communication of the RadEye readings to a user either through the accompanying mobile 

or desktop application. From here, a user would be able to record and download 

measurement history and logbook data. Unfortunately, the BLE adapter (seen in Figure 17) 
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attached to the RadEye used in our experiments was faulty, and was ultimately unable to 

transmit data to the desktop.  

With all of these issues, a significant portion of time was devoted to understanding 

and attempting to fix the hardware and software issues, with a limited degree of success.  

Future work would therefore require that tests be carried out with each of these presently-

malfunctioning devices in a fully operational state, or with adequate replacement devices. 

Several different devices were explored in this study to determine the optimal 

combination of detectors that would provide a complete characterization of the radiation 

environment and allow for the mitigation requirements outlined in the regulatory SAMGs 

to be satisfied. Since the start of the project, the set of detectors has gone through several 

iterations as a result of technical difficulties, software incompatibilities, and general 

circumstances. Throughout the majority of this project, the COVID-19 pandemic was 

occurring which limited access to the laboratory. Despite these challenges, the experiments 

for this project were conducted. 
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5. Conclusions and Future Work 
 

In this work, three detectors – the RadEye G Gamma Survey Meter, a NaI(Tl) 

scintillator paired with the URSA-II, and the PurpleAir SD-II Air Quality Sensor -were 

tested and optimized for use with the Husky UGV robotic platform. The optimal detector 

parameters comply with national and international severe accident management guidelines 

(SAMGs). Additionally, the Severe Accident Radioactivity Classification (SARC) 

MATLAB-based software was developed for the integration of detector data into a 

common interface, allowing for conservative external and internal dose estimations to be 

made following a severe accident scenario. 

Future work involves further integration of the SARC software with the detectors. 

Ideally, the detector operation and results would be fully controllable using the software. 

Additionally, the MATLAB Bluetooth Communication function111 will be utilized to 

seamlessly stream information from a (fully functioning) RadEye detector. As well, the 

operation of the URSA MCA software in ASCII mode must be assessed to determine if 

direct compatibility of the SARC with the URSA-II is feasible. If this is possible, the SARC 

software will have ultimately achieved its goal of allowing a user to comprehensively 

operate and analyze the incoming data from the three detectors in one location.  

Furthermore, the SARC software would also be programmed to provide basic 

dosimetric estimates, for both internal and external exposures, allowing emergency 

personnel to easily and quickly triage exposed individuals. The accuracy of these results 

can be improved through the use of more robust data. For example, the dose conversion 

factors outlined in ICRP 119 (seen in Table A.1 in the Appendix) can be determined for 
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particle sizes other than 1 and 5 µm using the IMBA software. This increased 

customizability would allow the SARC software to provide results for the user with more 

accuracy. 

Future studies can also look to quantify the radiation hardness of each device and 

its components. Specifically, the use of the PA sensor for robotic radiation monitoring in a 

severe nuclear accident setting has not been studied prior to this work, and so the radiation 

tolerance of the PA must also be assessed with the relevant radiological conditions. As 

previously mentioned, this work evaluated each component in ideal, stable conditions. For 

practical use, their function and robustness in a harsh, realistic environment must also be 

validated. 

Finally, the ideal next evolution of the robot for the post nuclear accident scenario 

would be its use for assessing structural damage to buildings using its cameras in 

conjunction with computer vision. In a real-life scenario, if the robot is already collecting 

data outside the perimeter of the facility, it would make sense to, on the same deployment, 

record and assess any potential damage to reactor or vacuum buildings, at least at the 

ground level. This can be done using computer vision algorithms to detect cracks in 

concrete, as well as the depth of said cracks using infrared and video cameras. 
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Appendix 

Table A.1: Radionuclides posing internal radiation hazards at CANDU facilities 

Radionuclide T1/2 Type f1 Inhalation DCF (from 

ICRP119 Table A.1*), e 

(Sv/Bq) 

1 um 5 um 

Fission 

Products 

Cs-137 30.0 y F 1.0 4.8E-09 6.7E-09 

I-131 8.04 d F 1.0 7.6E-09 1.1E-08 

Sr-90 

 

29.12 y F 0.3 2.4E-08 3.0E-08 

S 0.01 1.5E-07 7.7E-08 

Y-90 64.0 h M 0.0001 1.4E-09 1.6E-09 

S 0.0001 1.5E-09 1.7E-09 

Ce-141 32.501 d M 0.0005 3.1E-09 2.7E-09 

S 0.0005 3.6E-09 3.1E-09 

System 

Activation 

Products 

Co-60 5.271 y M 0.1 9.6E-09 7.1E-09 

S 0.05 2.9E-08 1.7E-08 

Fe-59 44.529 d F 0.1 2.2E-09 3.0E-09 

M 0.1 3.5E-09 3.2E-09 

Mn-54 312.5 d F 0.1 8.7E-10 1.1E-09 

M 0.1 1.5E-09 1.2E-09 

Fuel 

Activation 

Products 

Pu-239 24065 y M 0.0005 4.7E-05 3.2E-05 

S 0.00001 1.5E-05 8.3E-06 

Am-241 432.2 y M 0.0005 3.9E-05 2.7E-05 

*Table A.1 in ICRP 119, ‘Effective dose coefficients (e) for ingested and inhaled 

particulates (activity median aerodynamic diameters (AMAD) of 1 and 5 um) for 

workers’. 

 

For the inhalation dose coefficients outlined102, the particulates are also organized by 

material type. Type V, F, M, and S refer to deposited materials that are absorbed into 
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the blood from the respiratory tract with a very fast, fast, moderate, and slow rate of 

absorption, respectively; the range of fission products, system activation products, and 

fuel activation products that are classified as CANDU radiological releases are covered 

here. 108 

SARC Internal Dose Assessment: Hypothetical CANDU Accident Scenario 

The air particles sampled in this study were taken approximately 8 kilometres away 

from the Pickering Nuclear Generating Station (NGS), seen in Figure A.1.  

 

Figure A.1: Satellite view of Pickering Nuclear Generating Station. 

If these samples represented accident conditions at the Pickering NGS resulting 

from a plume passing by, it is important to determine the internal dose resulting from 
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inhalation. This can be determined in the SARC software using the method outlined in 

ICRP 119, seen in equation (4). 

𝐼𝑛𝑡𝑎𝑘𝑒 [𝐵𝑞] = 𝐵𝑅 [
𝑚3

ℎ𝑟
] ∙  𝐶𝑎𝑖𝑟 [

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑚3
] ∙ 𝑡[ℎ𝑟] 

The inhalation intake is given as the product of the breathing rate (defined as 1.2 

cubic metres per hour in ICRP 119), the concentration of air (in particles per hour, 

assumed here to be a given value from the PA sensor for 1 or 5 µm during the dust 

sensitivity tests), and the exposure time (in hours; assumed to be 0.17 h, since the PA 

data used is for 10-minute average sampling time). The intake is then used to determine 

the committed effective dose (CED, in Sv), seen in equation (5),  

𝐶𝐸𝐷 [𝑆𝑣] = 𝐼𝑛𝑡𝑎𝑘𝑒 [𝐵𝑞] ∙ 𝐷𝐶𝐹 [
𝑆𝑣

𝐵𝑞
] 

which is the product of the intake and the inhalation dose conversion factors 

outlined in ICRP 119 for a given radionuclide of sizes 1 and 5 µm (Table A.1). The 

major, conservative assumption made here is that the air particles sampled are all 

radioactive, since the PA cannot differentiate whether particles are radioactive or not. 

As outlined in regulatory documentation32, 103, conservative estimates are preferred for 

severe accident analysis.  

As mentioned above, the concentration values were determined for 1 and 5 µm 

from the dust sensitivity tests with the PA, since radioactive material attaches to dust; 

as such the values are set to 9.2 particles per dl (92,000 particles per cubic metre) and 

0.07 particles per dl (700 particles per cubic metre) for 1 and 5 µm, respectively.  

(4) 

(5) 
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With these assumptions, the internal dose resulting from inhalation of Co-60, Cs-

137, and I-131 (assumed CANDU releases) was determined in the SARC software, and 

is outlined in Table A.2 below in mSv. 

 

Table A.2: Internal dose resulting from inhalation in hypothetical accident scenario 

for various CANDU release products. 

CANDU Releases 

Inhalation dose (mSv) 

1 µm 5 µm 

Co-60 0.1802 0.0010 

Cs-137 0.0901 0.0010 

I-131 0.1426 0.0016 

 

The results determined are in the correct order of magnitude for a severe accident 

and for the assumed sampling time of the airborne particles. The values are also 

consistent with internal dose estimations made from Chernobyl and Fukushima 

resulting from inhalation for individuals located in the range of 5 to 15 km away from 

the accident site 6,112. In this sense, the assumptions are again considered to be 

conservative, since the internal dose values are comparable to those attributed to 

Chernobyl and Fukushima-type accidents, which cannot or are extremely unlikely to 

occur in Canada 60. 


