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ABSTRACT

Radon is a radioactive element in the periodic table that is generated from the decay
of radium below the earth’s surface. After a generation, it travels through the soil and
reaches the earth’s surface. Radon poses a radiological health risk. Therefore, the research
community pays close attention to radon.

This thesis reviews the complete process of radon propagation from soil to air and studies
the effects of different environmental and geological parameters which influence radon flux.
A Geant4 simulation program based on C++ has been developed to study radon propagation
in soil. The process of simulation setup and the results of this simulation study will provide
detailed knowledge of the effect of moisture content and grain size on the radon emanation
coefficient. Apart from the simulation, the analysis of data gathered by the experimental

setup of Geiger counters deployed at Stone Mountain is provided.

INDEX WORDS: Radon, Geant4, C++, OpenRadon Lab, Geiger Counters,
ROOT.
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Radon(**?Rn) is the heaviest noble element in the periodic table and it is radioactive,
inert, colorless, and odorless. In the uranium(***U) decay chain, the radioactive decay of
radium(**°Ra) produces radon. Uranium is the primary source of radon since the entire
decay chain starts from uranium. During radioactive decay, physical reactions involving
subatomic particles at the atomic or nuclear level always result in ionizing radiation [6] that
is harmful to human health. Radon is the predominant cause of the public’s exposure to
natural ionizing radiation ﬂgﬂ Due to this health hazard, a lot of attention is given to radon
as a health hazard. The scientific studies by the World Health Organization imply that there

is a relation between indoor radon exposure and lung cancer [10]. Hence, in recent years,

1 INTRODUCTION

many studies have been conducted on radon.
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Radium (Ra)
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Figure 1.1: Uranium—238 Decay Chain




As shown in Fig. [I.T] radium is the direct source of radon generation because radium
undergoes alpha decay to form radon. During alpha decay, an unstable nucleus is converted
into another element by kicking out a particle composed of two protons and two neutrons

from itself. As shown below radium undergoes alpha decay to form radon [11].

2*Ra — “%Rn + 3He + energy

Radon itself is not harmful to humans directly. But, during its radioactivity, it undergoes

alpha decay as shown below:

2%Rn — 23{Po + 3He + energy

218Pg and alpha particles are short-lived decay products. These constitute primary health
concerns. 2'®Po is very reactive and has a life of 3.04 minutes. Alpha particles carry large
mass, hence they do not travel long distances in the air or go deep into solids. Yet, they can
damage internal tissues when they enter the body. There are three isotopes of Radon- ***Rn
(shown in Fig. , ?0Rn, and ?"Rn. **Rn is generated in ***Th decay chain and *’Rn
is generated in ***U decay chain. But out of these three isotopes, the research community
focuses more on **?Rn because it is responsible for the largest radiation dose.

With this thesis, we aim to study ?*?Rn propagation through the soil by developing a

realistic simulation. Hence, to achieve our goal, this thesis is organized as follows:

1. We want to understand Radon flux on the surface of the earth under various geological
parameters, and environmental factors. Hence, to study Radon propagation through
the soil, we need to properly understand the various properties of Radon in soil, how
radon particles reach the surface of the earth, and the various stages of radon propaga-
tion. Chapter [2| provides a literature review related to these topics. It further explains
the effects of various soil characteristics on Radon propagation. Chapter [2] contains
qualitative and quantitative information that will be useful for us in developing a

simulation study.



2. To understand actual radon flux coming at the surface, a Radon testbed has been
developed by the GSU OpenRadon Lab. We have deployed Radon measurement de-
vices that continuously take measurements of Radon flux at different depths. We have
also deployed Geiger counters that measure background radiation data. Chapter

provides brief information about the radon testbed.

3. The core contribution of this thesis is the simulation for Radon propagation. After
understanding Radon transport through the soil in Chapter 2 and having a general
understanding of the Radon testbed that provides Radon and background radiation
measurements, a Geant4-based simulation has been developed to study radon prop-
agation at the microscopic level. Chapter 4 details the research progress; it includes
an introduction to Geant4, the simulation setup, the use of a literature review, data

analyses, and an overview of the challenges encountered in the simulation development.

4. Chapter 5 summarizes the work completed and offers a future outlook for this research.



2 RADON PROPAGATION THROUGH SOIL

2.1 Process of Radon Propagation

Escape to atmosphere --------------------s----oo-----i  Eniry into buildings f--------------| 4

Migration through soil
pores sesssssssssssssssssssscscsscsccacsccacmaoan] 3

Radon Migration

Radon dissolved in soil Radon available in soil Radon sorbed in soil
- — — » . “« - — > —eeeed 2
pores pore air pore surface

uoneues

Radon Generation | 1
Radon Availability (from Radium Decay)
[ \.' Process by which transition occurs Stages in radon propagation through soil
Phases of radon propagation Phases includes radon loss due to
— radioactive decay

Figure 2.1: Schematic representation of radon propagation from soil to the atmosphere as
explained in W. W. Nazaroff et al., Radon transport from soil to air paper . The phases in
red color are considered important during the development of the simulation. The horizontal
dashed arrows in Stage 2 indicate that transitions between the three phases may occur due

to environmental parameters such as moisture and temperature.



As shown in Fig. 2.1] the entire process of radon propagation is divided into two main
clusters: 1) Radon availability, and 2) Radon migration. The process of radon propagation
is divided into four stages; each stage has phase(s) shown in red or gray boxes. Since the
goal of the thesis is to understand radon propagation, phase(s) in a red-colored box are
considered significant during the development of the simulation.

Table shows processes and parameters associated with each process by which tran-

sition occurs from one phase into another.

Table 2.1: Process by which transition occurs from one stage to the other and corresponding

parameters associated with each process.

Process Parameters

moisture, temperature, grain size, location of
emanation

radon atoms

intrinsic soil permeability, moisture, pressure
advection

gradient
diffusion moisture, porosity, tortuosity

diffusive transport, wind, barometric pres-
exhalation

sure changes

temperature differences, wind, barometric
entry pressure changes, substructure type, quality

of construction, fan operation

Stage (1) includes the phenomenon of radon generation due to Radioactive decay and
its availability in earth’s crust. Stage (2) explains the existence of radon in different medi-
ums such as dissolved in water, available in air, and/or sorbed on soil pore surface (from
left to right). Stage (3) explains the migration of radon through soil pores due to various

geological parameters that significantly contribute to radon propagation. Stage (4) is final



stage where after migration through stage (3) radon finally enters either in atmosphere(above

earth surface) or in buildings.

2.1.1 Stage 1 - Radon generation

We have already seen that radon is generated by the alpha decay of radium. Radium is
found in soil and rock. This radium content is expressed in terms of activity concentration
per unit mass. Since radon is produced from radium, this radium activity concentration is
equivalent to a production rate of radon in the soil [1]. Activity concentrations are typically
measured in Ci(Curie) and/or Bq(Becquerel). 1 Ci is equivalent to 3.7 x 10 *° Bq.

Although radon is directly generated from radium Decay, uranium is considered the
ultimate source of radon since it is observed in the Decay chain of uranium. Therefore,
to understand the availability of radon in the soil we must understand the availability of
Uranium. The general unit for measurement of uranium in Rocks and/or soil is ppm (parts
per million). All rocks contain uranium but most of them contain very small amounts like
1-3 ppm which is a very small amount. Eventually, the rocks are converted into the soil by
geochemical processes. Hence, we can say that typical soil has 1-3 ppm of Uranium. Some
rocks that exist in the earth’s crust have almost 100 ppm of uranium. This is comparatively
high compared to the typical concentration of uranium. It is obvious that the higher the
uranium level in the soil below the earth’s surface in a particular area, Greater will be the

chances to find radon above that earth’s surface’s air [12].



Figure 2.2: Sample of uranium ore (Source: Google Images)

As stated in Chapter 1, radium alpha decay plays a vital role in radon generation and
its availability in soil. When radium is converted into radon, an alpha particle is created
and this alpha particle carries some energy which we call alpha recoil. Because of this recoil,
radon particle moves in the opposite direction of recoil [13]. Because of this, there are few
number of possible locations where radon particles might move. We explain radon particle

movement due to alpha recoil in the following Stage (2).

2.1.2 Stage 2 - Radon emanation and availability in various mediums

After the alpha decay of radium, only a fraction of radon generated in the soil grain
leaves the soil grain and enters the pore volume of the soil. This fraction of radon that
escapes the soil grain is called “emanation coefficient”, ”emanating fraction” or ”emanating
power” [1].

Alpha decay of radium follows the conservation of momentum and energy. The kinetic

energy of a radon particle just after its generation is 86 keV. We used this while during the



implementation of the simulation. In Chapter 4, we will verify this energy value in more

detail through theoretical calculations.

soil grain

Figure 2.3: Schematic representation of radon emanation. The yellow circle denotes the
location of the radium atom which decays into an alpha particle and produces a radon atom
that travels a certain distance due to recoil and stops at a point denoted by a red circle. The

dashed circular line represents recoil range R.

The important question is - after the decay of radium, followed by the generation of
radon how far will radon particle travel, and where will it finally stop after traveling? To

answer this question, we will take reference of Fig. [2.3] to understand the following cases:

1. When the radium atom is inside recoil range R, we can say that it is deeply embedded
inside soil grain as shown Fig. at points A and B. In this case, a radon atom will
travel a very short distance such as points A’ and B’. It will remain inside the soil

grain.



2. When the radium atom is on/outside the recoil range R (dashed line shown in Fig. [2.3)),
there is a high possibility that it will travel outside the soil grain. Hence, the following

possibilities for travel arise:

(a) Consider point C where a radon atom has entered in pore space filled with water

at a point C'. It is dissolved in water.

(b) Consider point D where radon atom has entered in pore space with air at point

D’. Only in this case radon migration can occur.

(¢) Consider point E where radon atom has entered in neighboring soil grain at point

E’. It gets embedded in neighboring soil grain.

The destination location of the radon atom depends upon the direction of the recoil, the
moisture level of soil grains, the average dimension of soil pore, and the size of soil grains.
It is important to know that what are the values of the recoil range R. These values can be
very much important while developing the simulation study. Based on [14], the following
are the values of recoil range R in different mediums in soil: (1) 63 um in air, (2) 0.1 um in
water, and (3) 0.02-0.07 um in common minerals.

Except for case 2(b), in all other cases, the radon atom will not be moved. This is
because we mainly consider the movement of radon to be a gaseous phase. Gases can move
much better in a gaseous medium(like air) than in liquid(water) or solid(mineral grains).
The air provides much less resistance to the movement of radon. Therefore, only when a
radon atom enters an air medium, radon migration will occur.

As shown in Fig. [2.1] the solid dashed line indicates that a transition between the three
phases might occur due to geological parameters like moisture, temperature, etc. In Section
2.2, we will see in detail what are the different parameters which affect radon emanation
in soil grain and the scientific reasoning behind it. For now, we only understand that this

transition can occur. Following are some important points we need to keep in mind:

1. When radon is embedded in soil grain or dissolved in water, diffusion from these phases

to the gas phase (although very negligible) can happen. But this transition is very slow.
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2. Similarly, when radon is free in the air, during migration it can get sorbed on other
surfaces of other soil grains, or if after traveling some distance the water is present in

soil pores, it may get dissolved in that water.

Next, stage (3) explains radon migration. To explain radon migration, we will study
the theory of radon migration as well as mathematical models developed by the research

community over the years. We will go through these concepts in detail in stage ).

2.1.3 Stage 3 - Radon migration through soil pores

The primary aim of the thesis is to understand radon propagation through the soil.
Hence, understanding of stage (3) is very important for us. Although we will discuss core
concepts about transport mechanisms for radon migration, in Chapter 4, we will discuss
challenges in applying these transport mechanisms in our simulation.

Radon migration through soil pores can happen because of two types of transport mech-
anisms: 1) diffusive transport, and 2) advective transport. Let’s discuss both of the transport

mechanisms in detail.

Diffusive transport: The molecular motion from the region of high concentration to
the region of low concentration is known as ‘diffusion’. Since radon in the migration stage
occurs in a gaseous state, it follows a diffusion mechanism for propagation through the soil
pores. Radon transport in soil occurs mainly due to diffusion [15]. The flux density of radon
is nothing but the number of radon atoms passing through per unit area. The flux density

due to diffusion is mathematically described by Fick’s law which is written as:

J'=—-Dy-V -1, (2.1)

where J? is radon flux density(Bq m™2 s72) in a region due to diffusion. Dy is diffussion
coefficient(m? s71). I, is an activity concentration of radon present in the soil(Bqm?). V

is gradient operator(m™'). Although Fick’s law applies to the diffusive transport of radon,
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we must understand that there is no fixed standard way to write Fick’s law for diffusion
in porous media. Differences in various works can arise when concentrations or fluxes are
written in terms of total volume or area instead of air-filled soil pore area or volume.

The value of the diffusion coefficient is used in various mathematical equations related

to radon transport. It can be very useful for us in the future to make important calculations.

Table 2.2: Diffusion coefficient values for radon in the soil as mentioned in paper [1].

Soil description D, Important remarks
moisture content=0.7-
Uranium tailings range of (5.4 —7.1) x 107°
1.5%
moisture con-
Silty sandy clay 2.7x107°
tent=1.5%
moisture con-
2.5x 1077
tent=10.5%
moisture con-
6.0 x 108
tent=17.3%
Compacted silty sands 3.0£1.3x107° porosity=0.29-0.41
Compacted clay sands 3.2+1.5x107° porosity=0.32-0.39
Compacted inorganic
25+1.0x10°° porosity=0.32-0.43
clays

The effective diffusion coefficient of radon in the soil of low moisture content is 3 x
107 m™2 s72. This is a factor of 4 smaller than the diffusion coefficient value in air [1]. In
saturated soil where water content is more in soil, the radon diffusion coefficient is 2 x 10719
m~2 s72. This is a very low value. We can say that water blocks the radon diffusion in soil

pores. But if you think deeply, this is not always true since radon can be dissolved in water

and travel very slowly through it over time. But for practical purposes, we can assume that
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more water content blocks radon diffusion in soil pores. The next transport mechanism for

radon propagation is advective transport.

Advective transport: Advection is the transport of matter by the motion of the fluid.
While matter moves with the fluid, its properties remain unchanged. Fluid may be any
material that contains thermal energy such as water or air [16].

Advective transport is mathematically described by Dick’s law which is written as fol-

lows:

Vp = —(k/u) - VP (2.2)

Where Vp is the superficial velocity vector of fluid. It is the volumetric flow per unit
total cross-sectional area. k is the intrinsic permeability of the soil. © dynamic viscosity of
fluid. VP is gradient of dynamic pressure(total pressure minus hydrostatic component) [1].

It is important to note that if we want to use an advective transport mechanism in our

simulation, we need to keep in mind some important points explained in paper [1] as follows:

1. Pore size developed in the simulation must be large as compared relative mean free

path of moving radon particles as well as fluid(in our case air).

2. For our simulation setup, we have an air medium in the soil pore area. So given
superficial air velocity through the soil, the radon activity per unit of pore air area due

to advective air flow is expressed as follows:

]a : VD
€a

(2.3)

3. If we combine Eq. with the continuity equation and equation of state, we can get
governing equation for dynamic pressure in the soil. We can solve this governing equa-
tion for our geometry in simulation with appropriate boundary conditions on dynamic

pressure to determine advective velocity in the soil.
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We have discussed two transport mechanisms that govern radon propagation in soil
pores. In Chapter 4, we will discuss how knowledge of these transport mechanisms is useful
for the development of simulation, what are the different challenges in applying these con-

cepts in the simulation, and what assumptions we are making in applying these concepts.

2.1.4 Stage 4 - Radon entry in atmosphere

We have discussed three stages of the radon propagation model as shown in Fig. 2.1]
From its generation, it travels through soil layers and finally reaches above the earth’s surface
i.e. atmosphere. This is the final stage in our radon propagation model. There are two phases
in this stage - 1) Escape to a free atmosphere, and 2) Entry into buildings.

Both of these phases have a vast scope of scientific literature review. When we study
radon entry into the building, we need to understand mathematical representations of how
radon is related to building materials, concepts of ventilation and how it affects the radon
flow, heating and air-conditioning systems, and concepts of substructure, etc. All of these
topics are beyond the scope of the thesis. Therefore, we will not go into the details of these
phases since our thesis does focus on what happens when radon escapes to the atmosphere
or how it enters into buildings.

Now that we have understood the entire radon propagation model, in Section we will
study how surface radon flux varies with various environmental and geological parameters.
These are nothing but studies of the correlation between radon and particular parameter.
The information in Section is taken from various scientific papers in the radon research

community.

2.2 Factors affecting Radon Propagation

This section briefly explains the correlation between radon and different environmental

parameters. We also explain the logical reasoning behind the correlations wherever necessary.
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2.2.1 Effect of moisture content on radon emanation
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Figure 2.4: Effect of moisture content on relative radon emanation coefficient for a sample

of uranium mill tailings (taken from [4]).

The moisture content has a very good correlation with the radon emanation coefficient.
As the moisture content in the soil increases, the radon emanation coefficient increases.
Studies show that radon emanation is much higher if the source material is moist or wet
rather than dry. This is simply because the recoil range of radon is greater in water than in

minerals. Radon emanation from soil grain is significantly impacted by the amount of water

content in the soil.

2.2.2  Effect of the chemical composition of soil on radon emanation

The paper [6] shows a correlation between different chemical elements in soil and radon
at p-value < 0.05. The presence of chemical elements Fe, Al, Mn, Si, and Ra in the soil
increases the radon emanation coefficient. Experimental results show that the correlation

coefficient between Mn content and emanation coefficient is approximately 0.4. The further
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correlation coefficient between Fe content and radon emanation coefficient is approximately
0.8. Hence radon emanation coefficient is proportional to the Fe content in the soil.
Fe-oxyhydroxide and Mn-oxyhydroxide have a great ability to absorb radium [5]. Hence
if they are present in soil grain they can adsorb Radium and therefore radium atoms can
be distributed over the surface of the grain. So if the radium is distributed on the surface
already radon produced after alpha decay will directly be present in the soil pore area. This

phenomenon increases radon emanation.

2.2.3 Effect of pH of the soil on radon emanation

As per experimental results, radon emanation is well correlated with the pH (4-8) of
the soil with a correlation coefficient of approximately 0.6 [6]. The reason for this good
correlation is the same as mentioned in section [2.2.2] Between pH values 4-8, the Fe/Mn

oxides or oxyhydroxides have a higher capacity for the adsorption of radium.

2.2.4 Effect of moisture content on radon diffusion

Radon diffusion is significantly impacted by the water content in the soil. We have
already discussed the reasons for this effect. Moisture content is inversely correlated with
radon diffusion. As moisture content increases, radon diffusion decreases. The radon prop-
agation is very high in the air as compared to water. So water acts as a blocking medium
for radon propagation through soil pores. Because of more moisture content, the gap size
between soil grains is decreased since water holds the soil grains tightly together. Hence it

blocks radon diffusion.

2.2.5 Effect of temperature change on radon diffusion

The temperature of the soil is well correlated with radon diffusion. For example, radon
diffusion at 100 °C is 7 times higher than radon diffusion at 25 °C which is room temperature.
Due to an increase in temperature, the pressure gradient is created in the soil pores which

results in advective gas flow [6].
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The theory of advective transport mechanism is applicable in this case which is discussed

in section [2.1.3] From Eq. (2.2)) we can say that:

Vp x VP, (2.4)

where Vp is the velocity vector of fluid in soil pores which can be air or water. VP is
pressure gradient. As the pressure gradient increases due to an increase in temperature,
From Eq., we can say that the velocity of the fluid in soil pores will increase. Due to
this advective flow, from Eq. we can say that:

Jix Vp, (2.5)
where J; is radon flux through the unit area due to the velocity vector of fluid Vp. From
Eq.(2.4) and Eq.(2.5)), we can conclude that:

Jd x VP (26)

Hence radon flux is proportional to the pressure gradient formed in soil pores due to an in-
crease in temperature. Therefore, the greater the temperature more will be pressure gradient

which ultimately increases radon diffusion.
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3 RADON TEST BED

3.1 OpenRadon Lab

OpenRadon Lab [9] is a comprehensive test bed developed at Georgia State University
to study radon data. OpenRadon Lab uses the following approach to study the properties

of radon:

1. Review the theoretical properties of soil and study physical, chemical, and geological

parameters using samples collected at the site of the radon test bed.
2. Develop a realistic simulation of Radon propagation through soil layers

3. Measure the actual data at the site of the radon test bed and perform data-driven

empirical modeling.

3.2 OpenRadon Lab Deployment

For the simulation study of radon propagation, we have made two deployments- 1) Sen-
sor nest grid, and 2) Geiger-Muller Counter. Let’s understand what are these deployments

and what is their usage.

3.2.1 Sensor nest grid

Sensor Nest is one of the most important components of OpenRadon Lab. Sensor Nest
is a well-tested and waterproof box that contains a commercial air-quality sensor. This
sensor measures air-diffused radon, carbon dioxide, pressure, temperature, volatile organic

compounds, and relative humidity [9].
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Figure 3.1: Radon testbed at Stone Mountain, GA, USA.

.R43
.R 13
.RB .Rl 1
.R26
oR36
.R46
.RQ
e

Rl

SR30
.R?IRM

R41
®
oR25

.RQZ

o728

.RZ?
.R44
.R‘IS
.R23
20 R37
R3 - °
° 21
R4 o JR17
JLEER 45
10
o5 R49 +F
L)
R31
°
.R32
Legend
® Sensor Locations
o 25 5 10 Feet
S S S N —

18

Box in which
Geiger counter is
placed.

Figure 3.2: Schematic representation of sensor grid at Stone Mountain, GA, USA. (Credits:

Soumya Tasmin, MS Candidate, Department of Geosciences, Georgia State University, At-

lanta, GA 30324.)
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We have deployed 40 Sensor Nodes at Stone Mountain Park in Dekalb County of Georgia.
Fig. schematic representation of sensor nest node grid deployed at Stone Mountain Park
in Dekalb County of Georgia. Most of the nodes(blue-colored) are deployed at a depth of 5
ft. below the ground. Sensor node R29 and R19 are deployed at 3 ft. below the ground.
Sensor node R16 and R39 are deployed at 6 in. below the ground.

We need to understand the radon flux variation at different depths as well. Therefore we
have placed a few sensor nodes at different depths. The aim is to understand spatiotemporal
variation in radon flux so all of the remaining nodes are placed at equal depth.

Sensor nest grid provides time series data of radon flux along with other parameters such
as temperature, pressure, humidity, etc. The values of these parameters are very important

while developing a simulation study.

3.2.2 Development of geiger counter setup

Figure 3.3: (A) Geiger counter with white Geiger-Muller tube on top of it. (B) IoT setup

for Geiger counts measurement
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Geiger-Muller counter or simply the Geiger counter is sensitive to background radiation.
More specifically, these are electronic instruments that are used for detecting and measur-
ing ionizing radiations. A few examples of ionizing radiation are- radiation due to Alpha
particles, radiation due to Beta particles, radiation due to Gamma rays, etc. In the re-
search community, Geiger counters are known as the world’s best-known radiation detection
instruments.

Fig. m shows our setup for the Geiger counter. In Fig.[3.3(A), we have a Geiger counter
with a Geiger-Muller tube on top of it. This tube captures ionizing radiation when a particle
travels through it. The following are the primary reasons for Geiger counter deployment at

Stone Mountain Park:

1. Geiger counter is sensitive to background radiation which includes gamma and beta
particles from the nearby environments (soil, brick, and concrete, mainly) and radiation

from cosmic ray showers.

2. Radon is generated from radioactive decay from the same source of radiation in soil,
brick, and concrete. Geiger counts provide qualitative knowledge of the variation in

the background radiation which may be correlated with the variation in radon counts.

3. Since our Geiger counter is away from the radon site, it may not be highly correlated
with readings from the radon sensor. However, we hope to see it can capture the

variations caused by changes in the space weather activity and the earth’s atmosphere.

4. At the time of writing this thesis, we deployed the Geiger setup for just 8 weeks. We

need to collect data over a longer period to verify the ideas in 1 and 3.

The gray wire of the Geiger counter is connected to the Arduino via a white breadboard
as shown in Fig.|3.3(B). On the same breadboard, we have a DHT11 sensor for the continuous
measurement of temperature and humidity. The 'C‘ program is uploaded on Arduino which
captures values of Geiger counts, temperature, and humidity per minute. these values are

collectively called ‘Geiger data’.
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We aim to store Geiger data continuously in the file. So that we can perform an analysis
of this data as and when required. For this purpose, we have connected Arduino with a black
Raspberry Pi with a blue-colored USB cable as shown in Fig. [3.3[B). When the entire setup
is powered up, we are running the Python program on Raspberry Pi. This program receives

serial output from Arduino every minute and performs the following operations:

1. Parsing of string values of serial output into appropriate formats. For example, Geiger
counts are parsed into integer format while other parameters such as temperature and

humidity are parsed into float format.
2. Creating timestamp at that time.

3. Combining Geiger counts, temperature, humidity, and timestamp as data row and

write in the storage file.

In Fig. |3.2] we can see that there is a box shown below the node grid. In that box,
we have placed the Geiger counter(denoted by yellow color) and radon sensor(denoted by
red color) close to each other. We can see in Fig. |3.3(C), the same Geiger counter setup
inside a closed box. The Geiger counter, radon sensor near it, and all the sensor nests are
running all the time. In section [3.4] we will perform data analysis of Geiger and radon data

measurements and understand various correlations.

3.3 Geoscientific Analysis of Soil

The geoscience research team in OpenRadonLab performs Geoscientic analysis which
consists of theoretical modeling based on physical, chemical, and environmental parameters
of soil samples collected from the deployment site. This analysis is very important for our
simulation. We can understand many soil properties and implement them in the simulation
to make it more realistic.

As per the online report of USDA if the mean annual temperature is around 60° F

and the mean annual precipitation is 45 inches then the type of soil series at that location
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should be of type Appling. As per the data available online, the mean annual temperature
of Atlanta is 61° F, and the mean annual precipitation is 47.5 inches. USDA has declared
the location of Georgia as Appling.

For this purpose, the soil core is extracted from Stone Mountain Park for analysis(shown
in . As seen in chapter , parameters like bulk density, permeability, soil grain size, and
porosity are very important to understand soil characteristics and ultimately radon flux
variation. These parameters are measured and analyzed in the laboratory. Following our
soil studies, We have identified that the soil series at our deployment site(Stone Mountain,

GA, USA) is Appling series . In chapter 4} we will utilize the knowledge about soil series.

Figure 3.4: Soil core extracted from Stone Mountain, GA, USA.
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3.4 Analysis of Geiger and Radon Data

In this section, we perform an analysis of Geiger and radon data collected at Stone
Mountain. In this analysis, the correlations between different parameters are studied and
also, some important questions are raised which can open different research areas.

We have explained in section the Geiger setup in detail. In Geiger, data, 3
parameters- temperature, humidity, and Geiger counts along with a timestamp per minute
are available. It has been noted that over a minute, there is not much change in the tem-
perature or humidity. However, Geiger counts are highly variable. Hence it is very difficult

to study correlation using minute-by-minute data. Hence, the following is taken:
1. The data is re-sampled hourly.
2. For each hour, an average value is calculated for the parameter.

Fig[3.5 shows time series plots of percentage changes in the Geiger counts, temperature,
and humidity. Rolling the average over a fixed time interval for Geiger counts shows that
Geiger counts have a very good correlation with temperature and humidity. This is aligned
with the results of various reference which shows Geiger counts are directly correlated with
temperature.

Fig[3.6| Geiger counts are directly proportional to the temperature values with the
Pearson correlation coefficient of 0.78. There are outliers present in the data. This is a
pretty good correlation since our time series data is not over a long period. A possible
reason for the direct correlation could be as temperature increases, the amount of emitted
energy (radiation) increases.

Fig[3.7] shows time series variation of Geiger counts and radon counts over approx 2
months. It is important to note that radon data is recorded by sensor 39 in the sensor nest
grid. This sensor is located at some distance from the Geiger counter but shows a better
correlation (Pearson’s r = 0.31) compared to other radon sensors. As per reference [5], Geiger
counts should show a very good correlation with radon count. We need to record data over

a longer period to study variations.
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The study of variation of Geiger counts with radon and other environmental parameters
may open different research areas. Our simulation is also capable to record gamma particle
emission during radon decay. On the other hand, the Geiger counter also detects gamma
rays. Therefore, one of the immediate applications of the Geiger counter setup is to study
variation and compare the results with the simulation. Geiger counts are also related to
space weather activity such as cosmic rays. We should study the variation of Geiger counts

and cosmic ray flux in the future.



25

— GC Rolling Average 6H
""" Temperature Scaled 0.1%
— Humidity Scaled 0.1%

3
2
@
o
g ! |
6 I ' {i: qi H 0(; (o iib I' i}
M Y HEER BT AR EEEET I R R LY M
(=] 0l 5. EHY L | A ':‘l [#!i " {1Ir
= g 1 m#hp'“miﬁ " .'i l ‘3, ' W] ‘lik'
AR \
-1 A
-2
Dec 18 Jan 1 Jan 15 Jan 29 Feb 12 Feb 26 Mar 12 Mar 26
2022 2023
— GC Rolling Average 6H
""" Temperature Scaled 0.1%
— Humidity Scaled 0.1%
2
1.5
W 1
oo ]
g ; il
50‘5’5 |
O\o 0 : '- :'.: d | .
0.5 \ AWATATA
-1
-1.5
Dec 11 Dec 18 Dec 25 Jan 1
2022 2023

Figure 3.5: Time series plot of percentage change in the Geiger counts(color red), tem-
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more clearly.
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4 RADON PROPAGATION STUDY SIMULATION

4.1 Geant4 Simulation Package

The radon propagation study (RPS) simulation is based on the Geant4 package. It is
designed to model soil layers and properties of soil at a microscopic level to understand the
effects on radon propagation. Geant4d, GEometry, And Tracking is a toolkit for simulating
the passage of particles through matter. It is developed by CERN using C+4 which is an
object-oriented programming language. Participating groups for the development of Geant4
include experimental teams and collaborations, laboratories, and national institutes [17].

The Geant4 simulation package is based on Monte Carlo methods. It offers a wide range
of functionalities for simulation development such as geometry, materials, particle interaction
with matter, physics models, tracking, and visualization. Physics lists in Geant4 provide a
variety of physics processes such as electromagnetic, radioactive decay, and hadronic pro-
cesses. These processes are applied to a particle that is transporting through the matter.
Physics processes can be applied over a wide energy range starting from 0 eV to several TeV
energy. We gradually improved our knowledge of physical processes in RPS simulation. We
will discuss it in detail in subsequent sections.

We have followed a step-by-step process for developing an RPS simulation. During
that period, we faced many challenges in untangling and solving fundamental problems.
Therefore, we have taken reference from available literature to logically solve problems. The

following sections detail the gradual development.
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4.2 Initial Development of RPS Simulation

4.2.1 RPS simulation setup

Geant4 includes a Geometry module that provides the capability to describe geometrical
structures. Using these geometrical structures we create our detector geometry in simulation.
The detector geometry in Geant4 is made of several volumes. The largest volume is World
volume. All other volumes created are placed inside the world volume. You can consider
world volume as the boundary of simulation. Each volume in the geometry has a shape.
This shape is described by a concept called Solid. The solids define our three-dimensional
detector geometry. Geant4 offers a variety of solids, including a cubes, a cylinder, a sphere,
a trapezoid, and many others.

To begin our simulation development, we considered soil layers. In section we have

discussed that the soil series identified in Stone Mountain Park is the Appling series.

Table 4.1: Soil horizons in Appling soil series from reference [2]

Soil horizon Depth
Ap 0-6 inches
E 6-9 inches

B (combining all B horizons) 9-53 inches

C 53-80 inches

Rock below 80 inches

Keeping in mind that we have 5 different simplified soil horizons in the soil series, we
started with spherical geometry. The size of every soil horizon equals the radius of the sphere.
We converted depths from Table to centimeters and set the radii of five soil horizons as

follows:
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Table 4.2: Depth of each soil layer (in cm) in RPS simulation

Soil horizon Depth
R5 100 inches (254 cm)
R4 94 inches (238.76 cm)
R3 91 inches (231.14 cm)
R2 47 inches (119.38 c¢m)
R1 20 inches (50.8 c¢cm)

(A) (B)

Figure 4.1: (A) Outer view of soil layers with a total radius of 254 cm. (B) Cross-section

view of soil horizons with 5 concentric soil horizons each with a different radius.

After creating a geometry of our soil horizons, we started to explore the chemical compo-
sition of soil horizons and how we can specify them in the simulation. In Geant4 G4Element

class provides the ability to describe the properties of elements such as atomic number,
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atomic mass number, mass per mole, etc. Using G4Element we can create fundamental
elements such as H, O, N, C, Ra, Rn, Si, Mg, Al, etc. in simulation. The G4Material class
utilizes the elements created by G4Element class to create materials. It describes the prop-
erties of the material in geometry such as density, pressure, temperature, etc. So using the
G4Material class, we created chemical compounds that can predominantly exist in the soil
such as SiO,, Al,O4, Fe,O4, CaO, MgO, TiO,, H,O, and organic matter.

From section and section [2.2.4] we know that moisture content affects radon ema-
nation and diffusion. Hence, to make soil horizons more realistic we added varying moisture
(H20 content) in each soil horizon. Every soil horizon has SiO2, Al203, Fe203, CaO,
MgO, TiO2, and organic matter in common but different H20 content. Table [4.3] shows the

moisture content in each soil horizon:

Table 4.3: Moisture level in each soil horizon in RPS simulation.

Soil horizon Moisture content (H,O %)
Layer 1 (radius=R5) 0%
Layer 2 (radius=R4) 10%
Layer 3 (radius=R3) 20%
Layer 4 (radius=R2) 30%
Layer 5 (radius=R1) 40%

4.2.2 Introduction to physics processes

The physics process defines how particle traveling through geometry interacts with the
material. All physics processes in Geant4 implement the G4VProcess interface to define
properties and methods of particular physics processes. There are mainly seven types of
processes in Geant4. They are transportation, optical, decay, electromagnetic, hadronic, pa-

rameterization, and photoelectron-hadron. There are application-specific physics processes
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as well which extend the properties of these physics processes. Users can import any type of
process they need and assign it to the particle to use in simulation.

When we combine multiple physics processes into a consistent set, it is called a ‘Physics
List’. Users can either create their physics list using the physics processes available in Geant4
or use the built-in physics list in simulation. Depending upon the type of simulation, the
user can choose one of the two ways. If users have a correct understanding of simulation
physics, they can create a custom physics list using the physics processes they want. But
this can produce inaccurate results if used physics processes do not apply to a scenario of
simulation.

Since, in the beginning, our knowledge of physics required in the simulation was limited,

we built our physics list with the following physics processes:
1. G4EmStandardPhysics performs pair production and multiple scattering.
2. G4DecayPhysics performs decay of unstable particles such as muons, pion, and kaon.
3. G4Radioactivation simulates the decay of radioactive isotopes.

4. G4lonPhysics performs ionization, multiple scattering, energy loss, nuclear reactions,

and other interactions between ions and matter.

5. G4EmExtraPhysics provides low-energy interactions which are not included in the stan-
dard physics process (G4EmStandardPhysics) such as low-energy Compton scattering

and pair production.
6. G4lonFElasticPhysics provides a physics model for the elastic scattering of ions.

It is also important to note that the G4Transportation process is included by default
in Geant4. It is the main process class responsible for the transport of particles through
matter. Since the primary particle in our simulation is radon, a radioactive element,
G4 RadioactiveDecay is the most important process for us. Since we are studying radon
propagation we need to understand G4 Transportation in detail as well. In the next sections,

we will discuss these two processes in detail.
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4.2.3 Two-body decay kinematics

Two-body decay is a specific type of particle decay in which a parent particle decays into
exactly two daughter particles. The kinematics of a two-body decay describes the properties
of the parent particle, the daughter particles, and the distribution of their energies and
momenta. We used mathematical calculations of Two-body decay kinematics to verify the
recoil energy of radon emanation [1§].

The alpha decay of radium %35Ra — “22Rn + 3He is of type A — pr decay. Let miy,

m,, and m, be the mass of “30Ra, *ssRn, and 3He(a particle) respectively. Given that m, =

226.02540 amu, m, = 222.01757 amu, m, = 4.00260 amu.

m3 +m2 —m2
E, = = 222.0176626 amu,
2mp

P, = \/E2 — m2 = 0.202774906 amu,

P, =0.202774906 x 931.49 = 188.8827972 MeV.

We can directly use the calculated momenta of radon 188.8827972 MeV in the RPS

simulation which it internally converts into kinetic energy of 86.28 KeV.

4.2.4 Generation of primary events

After creating the geometry, adding materials, and specifying the required physics
processes, we need to specify how a primary event should be generated. In Geant4,
G4 VUserPrimaryGeneratorAction concrete class provides properties and methods to specify
a primary event. some important points to keep in mind regarding primary events in Geant4
are: 1) Primary event allows specifying properties primary particle to start the simulation,

2) User can start a run with n several primary events, and 3) User should specify vari-
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ous properties of a particle such as energy, initial position in geometry, charge, momentum,

momentum direction, atomic number, and atomic mass number.

Gamma rays

electrons

Alpha particles

/S i Gamma rays

(A) (B)

Figure 4.2: (A) 10 events with primary particle ***U from the center position of geometry. (B)
Zoom-in view of (A) which shows other generated particles. Gamma rays (color green) are
highly penetrating radiation that travels through various hard materials in soil horizons. The
simulation also generates electrons and other generic ions which are part of the radioactive

decay series of uranium.

We started our development with a primary particle as 23®*U which sits at rest. i.e.
initial kinetic energy in the primary event is equal to zero. This is because of the following
reasons.

First, as shown in Fig. , radon is one of the decay products in **U decay chain. Also,
Uranium sits at rest deep in the bedrock and eventually undergoes decay to produce all other
decay products including ***Rn. Second, in the future, through our simulation, we plan to

get uranium concentration in the soil at Stone Mountain Park. Hence, it will be easier for
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us to compare our results. Third, we wanted to see how radioactive decay is processed with
our initial setup of physics processes and materials.

At each step of development, we need to analyze the data generated at the end of each
run of the simulation. This helps us to verify the correctness of the simulation. This analysis
is performed using ROOT framework [19]. ROOT is a data analysis framework based on
C++ developed by CERN.
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Figure 4.3: Decay products generated in simulation. The simulation started with 100 primary

events of 2*®U at rest from the center in spherical soil horizon geometry and soil materials

specified in Section m

Next, with the same setup, we started a run of 100 events of ?**U. We analyzed the
results for each layer of soil horizon. We found out various decay products get generated
throughout the geometry. Figld.3] shows various decay products generated in layer 5. We
can see that count of 2*®U is 100 which is equal to the number of primary events.

It is also important to note that some intermediate decay particles are also recorded
during a run of the simulation like Pa234[166.300X], Pa234[166.300X], and Pa234[73.920X].

These particles are isotopes of ***Pa (protactinium). This is the notation used by Geant4
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while processing radioactive decay. Exploring the hows and whys of these isotopes is not in
the scope of our research as this is automatically handled by Geant4 software. Similar kinds
of results can be generated by Geant4 for other elements as well.

In the next section [£.2.5] we will perform a more detailed analysis of recorded data and
discuss a few problems and challenges in simulation development as we go forward in our

research.

4.2.5 Initial data analysis in RPS simulation

The main goal of the simulation is to study radon propagation through the soil and
measure flux at the defined surface from a particular depth. We want to study how far
radon is traveled if we start with the primary particle as uranium at rest. To study how
radon travels through soil horizons, we recorded (x,y,z) coordinates in each step.

To verify our recorded data, we started by analyzing gamma rays. In Figl.2] It is
observed that gamma rays are traveling through all the soil horizons. This is because gamma
rays are highly penetrating radiation. Fig[.4] shows the distribution of distance covered by
gamma rays as expected. Few gamma rays traveled up to 350 cm distance (up to the

simulation boundary). Distances are calculated using /22 + y? + 22 from origin (0,0,0).
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Figure 4.4: Count of gamma rays traveled up to specific distances when soil horizons are

composed of various chemical elements.

We observed that with our current setup, radon particles traveled up to an extremely

short distance of approximately 7 x 10~¢ micrometers from the origin as shown in Fig
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Figure 4.5: Count of radon particles traveled up to specific distances when soil horizons are

composed of various chemical elements.



37

Since it was a very short distance, we further analyzed the distance traveled by radon
particles in water and air. As shown in Figld.6] and Figld.7] radon particles travel upto 60

nanometers in water and upto 60 micrometers in air.
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Figure 4.6: Count of radon particles traveled up to specific distances in air medium.
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Figure 4.7: Count of radon particles traveled up to specific distances in water medium.

The observation distances traveled by radon are important for us because we aim to

study propagation. It is clear radon particles travel a much better distance through water
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and air than the solid chemical composition of Layer 1. Since layer 1 does not have moisture

content and free space, radon particles are unable to move.

Table 4.4: Recoil ranges of radon in various mediums calculated using the SRIM software
package. Data were taken from IAEA’s (International Atomic Energy Agency) ‘Measurement

and Calculation of Radon Releases from NORM Residues’ report in 2013 [3].

Medium | Density (gm/cm?®) | Range (nm)

Air 1.58 x 1073 53,000

Water 1.00 77

We can have a look at Table which shows recoil ranges calculated using the SRIM
software package which is used to study ‘interactions of ions with the matter’. The dis-
tance values recorded by the Geant4 simulation and SRIM package are not the same but
qualitatively in a similar range of nanometers and micrometers for water and air mediums

respectively.
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4.3 Radon Emanation Study

4.3.1 Introduction

For the development of RPS simulation, it is important to study radon emanation. In
Chapter 2 Fig[2.3in and stage 2 in Fig[2.1] show the process of radon emanation in detail.

Furthermore, Section details the effects of various parameters on radon emanation.

surface

radon exhalation

radon
transport
through soil

pores

radon emanation

study

final position

of radon after

recoil initial position

of radium

soil grains
decay &

Figure 4.8: Schematic representation of overall radon transport from soil grain to air. The
red circle indicates the radon emanation from grain and radon becomes available in pore

space. The dotted line indicates the radon transport through the air.

As shown in Fig[l.8 radon emanation is an important part of its transport. Radon
emanation is an important factor to understand radon flux variation because if radon ema-
nation is more, more radon may enter the soil pores and get transported to the atmosphere

and vice-versa. Hence, modeling radon emanation in RPS simulation is important.
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The particle size, shape, and location of **Ra determine how radon can escape into
interstitial pores [5]. In our simulation, we are assuming that the sphericity of the soil grain

is 1, and radium is distributed uniformly in the soil grain.

4.3.2 Simulation setup

Since we know how radon travels through different mediums such as air and water.
We updated our simulation with the modeling of a single soil grain of size 100 nm. For
this setup, the approximate chemical composition of soil grain is defined which should be
updated as per requirement in the future. For the current setup, we used a general chemical
composition consisting of chemical compounds such as SiO,, Al,q5, MgO, CaO, and Organic
matter following the references [20,21] and general information available on the web. This
chemical composition will be updated in the future when we complete soil analysis at Stone
Mountain.

We use the primary particle as radon with an energy of 86 KeV. Let R be the maximum
distance traveled by radon in the material (measured in nanometers). Only radon atoms
present in range R (0-40 nanometers depending on material) from the surface of the grain
can escape the grain. This range R is called recoil range [22] and it is material dependent.
After multiple rounds of running a simulation, It is observed that the recoil range R of radon
in our simulation is 17 nm. Any radon particle below the depth of 17 nm from the surface
will not escape the soil. To study radon emanation, we need to start our simulation by
placing radon atoms uniformly in recoil range R. Fig[4.9 shows the simulation setup.

It is important to note that it is not guaranteed that all the radon particles present in
range R will escape the grain. Because the emanation also depends on the direction of the
recoil. The average probability of radon formed at depth x < R escaping from grain is equal

to 25% [22]. To conclude, radon emanation is a very random phenomenon.
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inside recoil range R

final position of
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Initial position of
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Figure 4.9: Simulation setup of single soil grain with the size of 100 nm and recoil range R
is observed to be 17 nm. The radon atoms generated in recoil range R (color black) have the
probability to escape the soil grain. The spherical annulus R represents the volume inside
which radon particles are located. The initial position before recoil and final position after
recoil is denoted with black and white circles respectively. The radon atoms produced below

the dotted line will not escape the grain .
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Since the simulation setup is complete. different parameters influence the radon flux
variation in simulation. The following parameters have an impact on radon emanation: 1)
moisture content, 2) temperature, and 3) Fe/Mn content and pH in the soil.

Since moisture content has the most significant impact on radon emanation [1}6], we
study the effect of moisture content on radon emanation through our simulation. This will
help us to verify the correctness of the simulation and conduct a detailed study about the

influence of moisture content on radon emanation.

4.3.3 Effect of moisture content on radon emanation in single soil grain

The Radon emanation coefficient is defined as the fraction of radon that escaped from
the soil grain and the total radon produced in the soil grain. As discussed in the previous
section, the radon emanation coefficient is material specific. Some methods to calculate the
radon emanation coefficient are Gamma-ray spectrometry and the Accumulation method. It
is worth noting that measured emanation coefficients are considerably higher than calculated
by theoretical or physical models [1].

In section we discussed the effect of moisture content on radon emanation. To put it
simply, as moisture content increases, radon emanation increases. Fig. 4.10| shows a plot of
radon escaped from soil grain (%) vs moisture content based on data recorded by simulation.

Starting from 0%, we increased moisture gradually by 10% in each run. Each run
consists of 10,000 events. We increased moisture up to 100%. It is observed that upon
increasing the moisture level, radon emanation increases. This is because radon emanation
is more if the source material is moist or wet rather than dry [5].

It is crucial to keep in mind that different references may employ different chemical com-
positions, experimental setups, and assumptions. Our setup and chemical composition are
also different from other references. Therefore, even though the results may not be the same

as those in other references’ graphs, they should be qualitatively similar and comparable.
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Figure 4.10: (A) Effect of moisture content on relative radon emanation coefficient for a
sample of uranium mill tailings |1]. (B) Dependence of radon emanation on moisture content
with grain size 100 nm for 10,000 events in each moisture level. Similar correlations are

observed in [1,/6}/7], and multiple papers which show moisture content is directly proportional

to radon emanation.

Fig[4.10] shows that the results of our simulation are qualitatively similar to the refer-
ences. While the single soil grain model is good for basic study. In reality, we will have
multiple grains in the soil samples. Hence, it is important to extend the simulation setup
from single grain to multiple grains. This will help us to understand the influence of moisture

content on radon emanation in more detail.

4.3.4 Effect of moisture content on radon emanation with multi-grain setup

In this section, we are interested in understanding the effect of grain size on radon
emanation. In the ideal case, in a single grain model, when the shape of the grain is perfectly

spherical and radium content is uniformly distributed throughout the volume of the grain.



44

If we assume that radium content increase with increased grain size, radon emanation is
directly proportional to grain size [§].

But in reality, many studies have been conducted to understand the dependence of
radon emanation on particle size. Experimental results on the effect of grain size have been
inconsistent. Reference [23] mentioned that particle diameter had no measurable effect on
radon emanation while reference [6] mentioned that small-size grains(<0.1lmm) have more
radon emanation than large-size grains and large size grains reaches saturation points faster.
Reference [§] concluded that radon emanation increases with an increase in grain size when
located uniformly at depth R. Reference [24] concluded that in simple cubic structure (SCS)
when radon particles are located uniformly at depth R, radon emanation increases with
increase in grain size. In a face-centered cubic structure (FCCS), when radon particles are
uniformly located in soil grain, radon emanation decreases with an increase in soil grain.

In short effect of grain size on radon emanation can be only determined if we know the
distribution of radium and the amount of radium content in the soil. For our simulation,
since we have already assumed radium is uniformly located in recoil range R, we will proceed
with the existing setup.

We updated our simulation setup from one soil grain to multiple soil grains. Figld.1]]
details the updated simulation setup. This simulation setup follows principles mentioned
in [8]. The size of all grains is equal and the chemical composition of all grains is the same.

We are starting our simulation only from the central grain (color blue).
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Figure 4.11: Updated simulation setup with multiple soil grains. (A) Top view: the gap
between grains acts as a pore gap. (B) Side view: blue-colored grain is the central grain for
primary events generation. Red-colored grains are surrounding grains covering the central

grain. The setup is identical to the simple cubic structure(SCS) mentioned in reference .

If a radon atom escapes from the grain and enters into the neighboring grain, it is
not called radon emanation. It is important to understand how moisture content influences
radon emanation at the microscopic level.

To understand the influence of moisture content on radon emanation, the grain size
is set to 100 nm, and the moisture level throughout the geometry (moisture in grain and
moisture in pore space) is set to zero.

Fig shows results after simulating 10,000 events. We observed that: 1) many radon
particles escape from the soil grain and get embedded in the neighboring grain, and 2) the
count of radon embedded in the surrounding grain is greater than the count of radon that

comes to rest in the pore space.
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Figure 4.12: Counts of radon particles at different locations after recoil. Grain size is set to

100 nm, number of events is set to 10,000, and moisture level is set to 0.

After observing a very low count of radon in pore space, we gradually increased the
moisture level. Fig[d.13]shows the count distribution of radon in pore spaces and surrounding
grains when the moisture level is increased gradually.

It is observed that when the moisture level is gradually increased, the count of radon
in the surrounding grains (color Magenta) decreases, and the count of radon in pore space
(color Blue) increases. Thus radon emanation increases.

This is because of increased moisture levels. Water content terminates the recoil of radon
particles. Therefore as the moisture level is increased, the water content can terminate the
recoil of radon particles more effectively. Hence, more radon particles can come to rest in the
sweet spot i.e. pore space. radon emanation (color blue) is increased as shown in Fig.

So we can conclude that moisture content influences radon emanation in two ways:
1. Tt makes the soil grain moist which helps the radon to escape from the soil grain.

2. When radon escapes the soil grain, it terminates the recoil of radon which increases

the probability of radon coming to rest at the pore space.

This phenomenon is perfectly aligned with results from references [6}8].
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Figure 4.13: Radon counts at two different locations in the soil grain of size 100 nm: 1) Ma-

genta color corresponds to radon count in surrounding grains and 2) Blue color corresponds

to radon count in interstitial pore space.
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After determining how moisture content affects radon emission, the simulation study
is expanded to determine how grain size affects radon flux. We are interested in the mea-
surement of the radon emanation coefficient as a function of moisture content and grain
size.

For this study, three different grain sizes are taken- 100 nm, 200 nm, and 300 nm. The
simulation is run separately for each grain size with a gradual increase in moisture level.

Fig[4.14] (Top panel) shows the radon emanation coefficient as a function of moisture
content and grain size measured through simulation. Important findings from the results

include the following:

1. In each grain size, radon emanation increases as moisture content increases. The
results also indicate that the radon emanation coefficient in dry soil is relatively low

as compared to moist soil. This is already explained with Figld.12|

2. Rate of increase of radon emanation is different in different grain sizes. It is observed
that as grain size increases radon emanation decreases. This observation perfectly
aligns with references [6,8]. In reality, Small particles have more surface area. Therefore
radon particles can focus near the grain surface as compared to samples with large
particles. Therefore, it is observed that the radon emanation coefficient is more in
small grain sizes. In our simulation, as grain size increases, the probability of radon

escaping from the grain decreases.

3. Figi4.14] (Bottom panel) shows that at higher moisture content saturation is observed
for the radon emanation coefficient. This is because, at higher moisture content, very
few radon particles enter into adjacent soil grains. Hence radon emanation coefficient
remains constant after a particular point even though moisture content is increased.
In our simulation, we observe small saturation after 85%. We may find better results

that match with reference [6] in the future.

Fig}d.14] shows the comparison of experimental results mentioned in the reference [6] and

simulation results.
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Figure 4.14: Top panel: Dependence of radon emanation on moisture content and grain size

based on data recorded by RPS simulation. Bottom panel: Dependence of radon emanation

on moisture content and grain size from reference [6].
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4.4 Limitations of Geant4 for RPS simulation

In Section we have studied that experimental results also showed temperature,
Fe/Mn content, and pH shows good correlation with radon emanation.

The high pH and high content of Fe/Mn oxides and Fe/Mn oxyhydroxides precipitates
have high radium adsorption capacity. As an effect, more radium grains tend to sorb onto the
surface of the grain. This phenomenon increases radon emanation. As of now, no application
process in Geant4 simulates adsorption. As a result, the thesis does not examine the effects
of these parameters.

We have completed the radon emanation study. But once it enters into pore space,
further transport is governed by diffusion or advection process. We have already discussed
that Geant4 does not have an applicable physics process to simulate diffusion. Hence, we
cannot study radon migration governed by diffusion in Geant4. However, future work in-
cludes the development of a separate simulation program to study radon migration through

soil assuming the transport is governed by advection.
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5 SUMMARY AND OUTLOOK

Although the scientific community has conducted a great deal of research to understand
how radon propagates through the soil, the problem to understand radon propagation in the
soil through Geant4 has never before been attempted.

A major effort has been made to comprehend various concepts of radon propagation
in the soil through scientific literature and implement those concepts for the development
of a simulation program, called RPS (Radon Propagation Study) simulation. A significant
amount of work was undertaken to develop RPS simulation including (1) a detailed study
of scientific literature on radon propagation through the soil; (2) the implementation of
proper physics processes and verification of the correctness of simulation; (3) the extensive
and flexible simulation output scheme which allows analyzing the radon propagation after
radium decay using the advanced data analysis tool - ROOT [19].

Part of this thesis work is to develop an IoT setup with a Geiger counter, Arduino, and
Raspberry Pi. This setup has been deployed at Stone Mountain Park, Atlanta and it collects
real-time data including Geiger counts and temperature every minute. The importance of

this setup includes, but is not limited to:

1. providing real-time data to study patterns of variations of Geiger counts caused by

changes in temperature, radon counts, and space weather activity (cosmic rays).

2. providing real-time data that can be used for the combined study of Gamma rays
generated in RPS simulation and Geiger counter data collected at Stone Mountain

Park, Atlanta, and temperature.
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One of the immediate important applications of RPS simulation is to understand key
features of radon through the developed Monte Carlo simulation program. RPS simulation
allows us to study the effect of moisture content on radon flux variation in different grain sizes.
The results of the simulation are qualitatively similar to various published results. It also
offers scalability to extend functionalities in the future through object-oriented programming
(OOP) features of C++.

Future work includes improvement in radon emanation study by updating the chemical
composition of soil grain, grain sizes, and pore-gap lengths. Depending upon the future
requirements, the geometry of the simulation can be updated to more complex such as
multiple grains with variable size and/or face-centered cubic structure (FCCS). Currently,
we have used very small grain sizes in nanometers. But in reality, grain sizes can vary from
nanometers to millimeters. Therefore, grain size should be updated as per requirement.

As part of RPS simulation, a separate simulation program is being developed called a
radon migration study. This will help us to understand radon migration through soil pores
assuming that transport is governed by advection. It uses a custom physics process called
the ‘DriftPhysics’ process which uses the drift velocity of air for radon transport through
pore space. This is crucially important for understanding overall radon transport from soil

to air.
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