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Abstract

Radon is a radioactive gas that emits alpha particles, hence it has high radiological risk
if inhaled. The concentration of radon in air, particularly indoor, must be monitored
using well calibrated devices to ensure it does not exceed reference levels. The aim of
this study was to design and construct a radon chamber for the calibration of radon
monitors at the Centre for Applied Radiation Science and Technology (CARST). It is
made of perspex sheet material of thickness 6 x 10 m and of volume 0.5 m®. The radon
chamber housed Alphapump, two Alphaguards, an Airthing Wave Plus monitor, an
EB85 liquid radium standard solution and electrical wires. The two Alphaguards and
Airthing Wave Plus monitors were exposed to a radon atmosphere and found not to be
in proximity to the calibration curve computed using EB85 liquid radium standard
solution values over a period of 40 days. To align to the calibration curve, calibration
factors were obtained for AG2260 and AG2261 as 1.55 kBg/m® and 1.42 kBg/m?,
respectively. The temperature observed during the experiment ranged from 19.8 °C to
27.68 °C and relative humidity ranged from 49.63% to 84.75%. The designed chamber
was operated without an Alphapump mechanism, the results were found to be in

agreement with the US National Radon Safety Board criteria.
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CHAPTER 1: INTRODUCTION AND PROBLEM STATEMENT
1.1 Introduction

Radon is the most contributing source of ionizing radiation in the atmosphere. It is soluble in
water, colorless, odorless gas that causes lung cancer due to greater levels of absorbed radiation
dose (Sanjon et al., 2019). Organizations such as the International Commission on Radiological
Protection (ICRP) have stipulated that the radon concentration in dwellings should not exceed
300 Bg/m?® (Fuente et al., 2018). However, many residents, without this knowledge, build their
dwellings on or near gold/uranium mine dump where radon concentration can exceed the ICRP
limit.

There are many radon detectors for determining radon concentration. However, not all radon
detectors are well calibrated, some radon detectors need to be frequently calibrated in radon
chambers to produce accurate and reliable radon concentration measurement (Azimi-Garakani,
1992). The most common method of calibrating the radon detectors is exposing them to a
steady radon concentration from a standard radon source in an airtight radon chamber, under
controlled environmental parameters. One of such facilities for calibrating radon detectors has

now been constructed at the Centre of Applied Radiation Science and Technology (CARST).

1.1.1 Radon properties
222Rn is a noble radioactive isotope of atomic number 86, which originates from the decay

chain of 28 U as one of its decay products, ?°Ra transforms into ?2Rn by alpha particle
emission as seen in Figure 1.1. The other isotopes of radon are #°Rn and ?!°Rn which are from
the decay chains of 2*2Th and 2®U, respectively. The isotope of interest is 222Rn for radon
studies because of its half-live of 3.8 days which is longer-lived than other radon isotopes:
radon-220 and radon-219 have half-lives less than a minute i.e., 56 seconds and 4 seconds,
respectively, meaning that after being produced they quickly disappear in the atmosphere in
less than a minute (Jacobi and Andre, 1963). Radon as an alpha emitter (5.5 MeV), decays to
other alpha emitting nuclei such as polonium (?** Po,?'8Po). Polonium (?*8Po) with half-life of
3.1 minutes has energy of 6.0 MeV, while polonium (?*Po) emits alpha particle which has
energy of 7.7 MeV. Therefore, radon decay products are more damaging to the lungs if inhaled

or swallowed.
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Figure 1.1: Radon and its decay products in the U-238 decay series (Hararah, 2007;
Shivakumara et al., 2014).

The other properties of radon are thermal and chemical properties, whereby thermal properties
include the boiling point of radon, which is at 208 °K and melting point 202 °K. Chemical
properties include the ionization enthalpies, the higher the ionization enthalpy the more stable
the radon atom is. Baskaran (2016) states that “The first ionization energy (energy needed to
remove one electron from the outer most filled shell) of radon is 1,037 kJ mol and it increases
with decreasing atomic number for the noble gases™ as seen in Table 1.1 and Figure 1.2. Radon
is a group 18 element on the periodic table with properties [noble gas, p-block period 6;
[Xe]*f14 5d%° 6s2 6p?] and it is less soluble in water than organic liquids (Baskaran, 2016). The

chemical, thermal and physical properties are listed in Table 1.1 and Tablel. 2, respectively.



Table 1.1: The chemical and thermal properties of radon (Baskaran, 2016).

PROPERTY VALUE
Atomic Number 86
Atomic Mass [amu] 222
Density [kg m™ (at 0°C, 1.013 * 10° Pa)] 9.73
Chemical properties

Outer Shell Electron Configuration 6526°
Possible Oxidation States 0,2,6
Electronegativity [Pauling scale] 2.2

1st lonization Energy [kJ mol™] 1037
Thermal properties

Melting Point [°K] 202
Boiling Point [°K] 208.2
Thermal Conductivity [W/m K] 0.00361
Specific Heat [J /g K] 0.09
Heat of Fusion [kJ mol™] 3.247
Heat of Vaporization [kJ mol?] 18
Table 1.2: The physical and nuclear properties of radon (Keith, 2012).

Parameter Symbol 222Rn

Half life Tie 3.823 days

Decay constant A 2.098 x 10° 5!
Average recoil energy on | Er 86 keV

formation

Diffusion coefficient in air | Da 1x10°m?s

Diffusion coefficient in | Dw 1x10°m?s

water
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Figure 1.2: First ionization enthalpy from helium to radon. lonization enthalpy decreases
with increasing atomic number of noble gases (Macrae and Kemp, 2018; Baskaran, 2016).

1.1.2 Radon in the environment

Radon is found in rocks and soils, its abundance in the environment depends on moisture,
porosity and the activity of uranium and radium. Since radon is a gas, its mobility in rocks and
soils is more than that of radium and uranium. It moves easily from rocks and soils by alpha
recoil into pores of soil and rock fractures (Sukanya et al., 2022). When a radium nuclide
decays in a soil grain, an alpha particle is released and a newly formed radon nucleus recoils
in the opposite direction to the alpha particle. If the radium nuclide is located near the surface
of the soil grain, the newly formed radon nuclide escapes the soil into soil pores. If the location
of the radium nucleus is at the centre of the rock or soil, the daughter product will be embedded

in the rock or soil during decay (Sukanya et al., 2022).

Factors which affect the mobility of radon in the soil include porosity, moisture content and
permeability. Moisture content is the amount of water in the soil, a slight increase of the soil
moisture content increases the radon emanation. Hosoda (2007) and Sahu et al. (2016) found
that the moisture content of soil in the range of 0 to 8 % in a rectangular volume of 2840 cm?,

increases radon emanation but a moisture content that is above 8 % decreases radon emanation.



Permeability of soil such as gravel and sand allow the transportation of radon gas from several
depths in the ground, as seen in Figure 1.3. Impermeable soil such as clay and silt have low
porosity and therefore the transport of radon is small. Decreased levels of radon in clays is due
to the amount of water content in them, but in the dry clays with cracks, radon migration is
more (Othman et al., 2021).

High
Permeability

Low = ' =

Permeability

Figure 1.3: Permeability of soil from underground to surface soil (Othman et al., 2021,
Gundersen et al., 1992).

Rock fracture caused by roots, ice, water or any physical weathering emanate radon at higher
levels such as granite rock which has high permeability and dark shale, volcanic rocks and
phosphates as seen in Table 1.3 (Hararah, 2007; Khan et al., 2022).



Table 1.3: Radium from different types of rocks and soil (Awhida, 2017).

226Ra activity

226Ra activity

Rock type concentration Soil type concentration
(Ba kg™) (Ba kg)

Granite, normal 25 - 80 Till, with normal Ra content 15-65
Granite, uraniumrich | 100 - 500 Till, with fragments of granite 130 - 125
Sandstone 1-60 Till, with fragments of U-rich granite | 125 - 360
Limestone 5-40 Gravel 30-75
Shale 10 - 125 Sand 5-35
Black shale 10 -2000 Silt 10 - 50
Alum shale 125 - 4300 Clay 10 - 100
Uranium ore 139 00 25- Soils with fragments of alum shale 175 - 2500

In Table 1.3, different types of rocks and soil are listed with corresponding radium

concentrations. The groundwater contains radon due to the movement of water through radon

producing rocks consisting of varying levels of uranium and radium content underground.

222Rn is in abundant concentration in underground water as it is trapped (Novikov et al., 2021).

The methods of extraction of groundwater for the survival of mankind, including boreholes

and wells disperse the abundantly resting radon to the surface. In addition, intake of radon in

amounts greater than the public should be exposed to, leads to gradual health risk, including

lung cancer (Lopes et al., 2017). Figure 1.4 shows the movement of radon in water and rocks.




area within a mineral grain from which radon

can potentionally scape into pore space

Radium atom before it decays to radon

O

Newly formed radon atom

Figure 1.4: The emission of radon from radium in underground rocks to water (Hararah,
2007; Ezzulddin and Mansour, 2020).

1.2 Radon detector calibration

A radon chamber is a housing or container constructed to perform radon detector calibration
for research purposes. Centomani et al. (2019) stated that radon calibration can focus on
different parameters and aspects of radon measurements such as radon concentration, range
control, volume, material, radon source, reference radon detector, humidity, temperature
control and aerosol concentration. Small size radon chambers, are used for testing limited
numbers of radon monitors, while the big ones are used to test many radon detectors
simultaneously, according to National Radon Safety Board (NRSB, 2012). There is a flow-
through, walk-in and accumulation type of radon chamber (Kotrappa and Stieff, 2012). The
walk-in type allows the placing of materials to be used and monitored by personnel through
their entry with protective clothing. The flow-through type is used for a performance test of
radon detectors by certified radon professionals. Accumulation type of radon chambers are

small and cost less to build than the flow-through type.



The purpose of a radon chamber is to perform calibration by exposing radon detectors to a
steady flow of radon concentration in a chamber under parameters such as relative humidity
and temperature (Tin, 2014). Calibration is the alignment of the well-known tested detector to

known reference values.

1.3 Problem statement

It is reported that large amounts of uranium tailings are produced from mining activities in
South Africa (Hnizdo et al., 1997; Nwaila et al., 2021; Farjana et al., 2018). It is of outmost
importance that human dwellings nearby radon prone areas such as near the mine tailings are
frequently checked to ensure acceptable levels of radon by utilising radon monitors (Kamunda
et al., 2017). Accurate measurement of radon levels among communities nearby high-level
radon areas is possible with radon monitors that must be calibrated annually. There are radon
monitors in many facilities around South Africa (RGM, 2008), but there are no known
calibration facilities within the country. Therefore, there is a need to design radon chambers,

to meet the needs of the country in calibrating radon detectors.

1.4 Research aim and objectives

Aim

The aim of this study was to design and construct a radon chamber for the calibration of radon
monitors at the Centre for Applied Radiation Science and Technology (CARST)

Objectives

The objectives of the study were to:

» design a prototype radon chamber for CARST,
» measure the radon activity, relative humidity, air pressure and temperature in the
chamber,

> use a radon standard to calibrate radon detectors,

Y

device a method to measure radon leakage and

> apply a mitigation strategy to reduce radon if there is leakage.



CHAPTER 2: LITERATURE REVIEW
2.1 Radioactivity

Radioactivity is a phenomenon characterized by spontaneous disintegration of an unstable
nucleus to form a stable nucleus. Radioactivity was discovered in the 18" century by a French
scientist named Henri Becquerel when he observed that rays released from uranium salt passed
through a paper and formed an image on a photographic plate (Malley, 2011). The unstable
atom that decays by emitting energy is called a radionuclide and can undergo radioactive decay
by alpha or beta decay then followed by gamma emission. Radioactive decay is the spontaneous
disintegration of an unstable parent radionuclide with the release of particles or photons
transforming into a daughter nuclide. In addition, when the daughter nuclide is unstable, the
decay process occurs until a stable nuclide is reached. It is a random process that one cannot
tell when a particular parent nucleus will disintegrate (Soti et al., 2019). The probability of

decay in a substance containing N number of nuclei is given by the decay law:
dN = —ANdt (2.1)

where dN is the number of nuclei decaying at time interval dt. The decay constant 4, is the
probability for a nuclide to decay per unit of time. The negative sign in the equation means that
the number of radionuclides given by N decreases during the decay process (Kanivets et al.,
2020). If at time t = 0, the number of radionuclides is No then the number of nuclides that

remain after radioactive decay at time tis:
N(t) = N@ye™ (2.2)

2.1.1 Half-life
The half-life is the time taken by a nuclide to reduce to half of its initial amount. In equation

form the half-life is expressed as:

n2  0.693
1=—= —
: X (23)
If the decay constant of a nuclide is known, then half-life can be determined. The radioactive
decay process can be described in terms of time scale by mean life or half-life of a nuclide or
sample. The mean time,t of a radionuclide until the decay of a radionuclide is the inverse of

the decay constant given as:

1
T=7 (2.4)



2.1.2 Activity
Activity A is defined as the number of disintegrations per unit time. When a source is highly
radioactive, it means that the number of disintegrations per unit time is very high. The rate at

which a radioactive material disintegrates in equation form is:

A= = (2.5)
dt

where, dN is the number of disintegrations that take place with respect to time dt. In terms of

mass of radioactive material m (kg), activity can be described as:

A=iN " (2.6)
Am
where, N4 stands for the Avogrado’s number and the molar mass of the radioactive material is
represented by M in kg/mol (Magill and Galy, 2005).

Activity of radionuclides is measured in Sl unit; Becquerel (Bq) and in non-SI unit, Curie (Ci).
The relationship between Becquerel (Bq) and Curie (Cu) is that 1 Ci=3.7x10'° B, which is the
activity of one gram of 2Ra. Most used multiples of Becquerel for activity measurement are
MegaBecquerel (IMBq = 10° sec?), KiloBecquerel (1 kBqg =10%ec™) and GigaBecquerel
(1GBq = 10° sec’). Commonly used multiples in activity measurements involving Curie (Ci)
are microCurie (1 pCi =103mcCi), nanoCurie (1nCi =10 Ci) and kiloCurie (1kCi=1000Ci).
2.1.2.1 Bateman equation

The Bateman equation is used to obtain the activity concentration of the daughter from the
parent nuclide. The Bateman equation is expressed as:

Ag

Ay = * (AP) * (e—*rt- g~7al) (2.7

Ad—Ap
where the activity of the daughter nuclide is represented as Aq and the activity of the parent

nuclide is Ap. The decay constants of the daughter nuclide and parent nuclide are represented

by Zqsand Zp, respectively (Bateman, 1910).
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2.1.3 Types of decay

2.1.3.1 Alpha decay

Alpha decay is a nuclear disintegration process that occurs in radionuclides with atomic number
that is greater than 81 but less than 92 (L'Annunziata, 2016). It occurs in heavy nuclei due to
the many protons in the nucleus with a charge of +Z repelling each other and releasing an alpha
particle. A heavy radionuclide, for instance uranium-238, transforms into a daughter nucleus
by emission of alpha particles and some rare earth material decay by alpha emission. Alpha
decay is symbolized by the following equation:

A = A-4Y 4 4He (2.8)
Z Z—-2 2

where ;X is the parent nuclide, fZ‘—‘Z*Y is the daughter nuclide and ‘;He is the emitted alpha
particle, also known as helium. A and Z are the number of nucleons and protons, respectively.
Alpha particles are high energy particles with kinetic energy from 4 — 10 Meyv, that can travel
in the air a distance of 5 — 11 cm and are stopped by a sheet of paper (Danforth et al., 2023).

An alpha particle consists of two protons and neutrons that are tightly bound together in a stable
atomic configuration. In quantum mechanics, alpha particles with energy of 4.8 MeV escape
the potential barrier with a height of 25 MeV by a process called quantum tunneling (Reinders,
2021). However, in classical mechanics this is impossible since the height is 25 MeV and the
alpha particle energy is 4.8 MeV as seen in the Figure 2.1. This means that the alpha particles

energy is insufficient to escape the potential barrier of height 25 MeV.
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Figure 2.1: Schematic of an alpha decay(Magill and Galy, 2005; Reinders, 2021).

2.2.3.2 Beta decay

Beta-decay is a process whereby an unstable atomic nucleus emits a beta particle (energetic
electron or protons), to transform the nucleus into an isobar. Isobars are nuclides with same
mass number but different atomic number. A beta particle created during the beta decay
process, whereby there is an emission of high energy, high-speed electron or positron due to
disintegration of excess protons or neutrons in the nucleus. In addition, due to instability of
atoms, orbital electron are captured by the nucleus in a phenomenon known as electron capture.
Modes of beta decay are beta-plus and beta-minus, whereby in beta-minus, a neutron in the
nucleus transforms into a proton, an electron and an antineutrino are emitted as described by

the following equation:

nl-> Pl+ e+ 7 (2.9)
0 1 -1

where, nlisthe neutron, e isthe electron and % is the antineutrino and P? is the proton.
0 -1

The difference between beta emission and alpha emission is that beta particles have continuous
spectrum of energies from zero to a maximum energy. Neutrino is emitted during positive beta-

decay and anti-neutrino is emitted during a negative beta-decay. Beta particles can be stopped
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by thin layers of glass, water, metal and have energy ranging from 10 KeV to 4 MeV (Jenkins,
2020).

In beta-plus decay, from a proton level: a proton turns into a neutron and emits a positron and

neutrino, as seen in equation 11.
pton+et+ve (2.10)

Beta-minus decay occurs when the number of neutrons in relation to protons is excessive,
whereas beta-plus decay occurs when there is excess protons compared to neutron (Kénya and
Nagy, 2018).

2.1.3.3 Gamma emission

In gamma emission, a pure energy is emitted in a form of a photon by an unstable nucleus. It
occurs following a beta or alpha decay when the progeny is formed in an excited state, which
returns to the ground state by releasing a photon (Ojovan and Lee, 2014). Gamma radiation is
emitted during the de-excitation of an excited nucleus.

Gamma decay process can be described as:

AX - 4X + vy (2.11)
z z

Gamma rays from emitters such as cobalt-60, have a high penetrating power and are attenuated
by materials such as steel, concrete and lead (Collum, 2017). According to the electromagnetic
spectrum, they are from the same family as visible light and radio waves, as seen on Figure
2.2.
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Figure 2.2: Electromagnetic spectrum showing relative position gamma ray (Collum, 2017).

2.2 Radioactive equilibrium
Radioactive equilibrium is the relationship between the decay rates of parent and daughter

radionuclides. The radioactive equilibrium in equation form is described as:
AiN1 = ZA2N; (2.12)
where, A1 is the decay rate and N is the number of atoms.

The types of radioactive equilibrium are namely, secular equilibrium and transient equilibrium
(Magill and Galy, 2005).

2.2.1 Secular equilibrium

Secular equilibrium is a state where the parent radionuclide activity is equal to the daughter
radionuclide activity. The half-life of the parent nuclide is longer than daughter nuclide,
therefore the activity of the parent nuclide decreases slowly compared to the activity of the

daughter nuclide (L’ Annunziata, 2020). Secular equilibrium can be described by equation:
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N, X1 1

E = 7\—2 = T—l, then A1 = Az (2.13)

where, A is the activity described as AN of the parent that is in equilibrium with the activity of
the daughter as seen in Figure 2.3 (L’ Annunziata, 2020). N1 is the parent nuclide, N is the
daughter nuclide, 1, is the decay constant of the parent nuclide, A; is the decay constant
of the daughter nuclide. 72 and 71 are half-lives for the parent and daughter nuclide,

respectively. A2 and Aiare the activity of the parent and daughter nuclide.
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Figure 2.3: The build-up of the daughter activity to equal parent activity (L’ Annunziata, 2020).

2.2.2 Transient equilibrium

Transient equilibrium exists when the half-live of the parent is greater than that of the daughter,
but not infinitely. During the period of radioactive decay, the parent nuclide decays, while the
daughter nuclide builds up until equilibrium is reached. After a state of equilibrium is reached,
the activity of the daughter becomes greater than that of the parent nuclide. The daughter and
the parent nuclide decay at the same rate. An example of transient equilibrium is between the
parent nuclide **°Ba and daughter nuclide **°La as seen in Figure 2.4. The parent and daughter

activities in transient equilibrium are given by:
Apr

Ap = m (2.14)
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Where Ap is the activity of the daughter, A, is the activity of the parent. Zp, Ap are the half

life of the daughter and parent nuclide.
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Figure 2.4: Illustration of an example of transient equilibrium between *4°Ba and progeny 1*°La
(Lehto et al., 2017; Magill and Galy, 2005).

2.2.3 Non equilibrium

A non-equilibrium condition is a condition when the half-life of the daughter nuclide is greater
than that of the parent nuclide. In this condition, the parent nuclide has a short half-life than

that of the daughter. Then the daughter nuclide grows to the maximum activity and decays.

2.3 Design and components of radon chamber
Successful operation of a radon chamber for calibration and radon study purposes is made

possible by the equipment for temperature, humidity, homogeneity and radon measurement.

16



2.3.1 Radon chamber

A radon chamber can be likened to a container, housing or room designed whereby a reference
radon atmosphere is produced by a radium source under certain environmental conditions.
There are three categories of radon chamber laboratory for the radon calibration and radon
studies namely the primary, secondary and tertiary radon chambers of which their operation
varies. A primary radon chamber can perform radon and radon progeny testing and calibration,
IS sophisticated in design and it is traceable to National Institute of Science and Technology.

Secondary radon chamber are radon reference chambers at facilities that are traceable to a
national standard or international reference standard (AARST, 2015). A secondary radon
chamber in laboratories is used to perform quality assurance exposures such as proficiency

tests, spikes, calibration test and performance evaluations.

Tertiary radon chambers compares with a secondary radon chamber and is used for spiking,
calibration and evaluation of devices by manufacturers (Bredhoff, 2014). In primary and
secondary chambers, detailed device evaluation and proficiency testing are performed.
However, that is not the case for tertiary chambers as stringent standard and capabilities are

required for device approval (George, 2021).

2.3.2 Radon measurement
Radon is measured by a wide range of techniques developed over years and improved in
sensitivity, portability and performance (El-Taher, 2018). The radon measurement technique
mostly depends on the concentration of radon-222 and the characteristics used to classify them,
as follows:

» whether the technique measures radon-222 and radon progeny

» detection of radioactive decay whether alpha, beta or gamma

» time resolution
An alpha particle detected can be used to measure radon-222 decay products by using
scintillation counters. Conversely, in the measurement of radon-222, gamma rays emitted from
radon-222 daughters can be used to determine or measure radon-222, for example bismuth-214
and lead-214 (Elzain, 2017).
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Time resolution sampling analysis and measurement are classified into three techniques,
namely; grab sampling, continuous technique and integrating technique. Integrating technique
utilizes passive detectors to measure the integrated radon-222 concentration annually or
monthly, mostly in buildings. Continuous technique provides the simultaneous act of sampling
and determination of radon-222 in samples of soil or water in minutes, hours and days with a
device such as scintillation radon monitors and smart-radon duo. Grab sampling technique
includes the collection of samples of groundwater, in a short time whereby devices such as
RAD?7 are used to measure radon-222 in samples collected. Awhida (2017) states that radon
measurement techniques differ to the point that one technique cannot meet the requirements
such as radon survey type, environmental parameter measurement and cost of the apparatus
(Awhida, 2017).

2.4 Radon measurement devices

2.4.1 Solid state nuclear track detector

Solid state nuclear track detector is a detector which is insensitive to beta and gamma particle,
but sensitive to alpha particles in the range of the energy produced by radon. To determine the
alpha particles on the detector, a chemical etching process is conducted whereby tracks caused
by alpha particles can be seen by an optical microscope and can be counted manually or by an
automated counting device. Solid state nuclear tract detectors are not affected by environmental
parameters such as temperature, humidity, and they function without a power supply.
Furthermore, such detectors are suitable for long-term measurement and radon progenies, can

be filtered out of the detector to measure radon only by use of diffusion membranes.

2.4.2 Alpha card

Alpha card is one of the passive radon-detecting technique for radon in soil, with dimensions
of 4.5 cm x 5 cm card and 2.5 cm diameter hole, covered in a membrane located in the center
of the alpha card. For usage, the alpha card is placed in the ground, in such a way that it is
suspended in an inverted cup for over twelve hours to a couple of days. After being collected
from the ground, two silicon detectors facing each other are used to read the alpha particles
(Ayman et al., 2017).
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2.4.3 Electret detector

Electret radon monitor is a device that measures the average radon concentration over a period
of time in the field. The electret is a dielectric material that functions as a source of electric
field that exhibit a permanent electric charge. The charge generates a strong electrostatic field
that attracts ions of opposite signs, which result in decreasing the total charge of electret
(Kotrappa, 2015). An electret radon monitor is made up of a steel canister and electret
dosimeter, which is inside the top of the steel canister. A small inlet located at the bottom of
the steel canister allows radon to enter the volume through a filter. When radon decays, it
produces ionizing particles that produce ions in the volume of the device. Moreover, the
produced ions change the total charge of the electret and the electric surface potential charge
is measured by the shutter method, which is a non-destructive method. The electrets can be
measured more than once, with assurance that their charge value is not altering. Electret
dosimeter has several advantages, such as the ability to store information over a long period of
time and the information is easily readable. Furthermore, the electret dosimeter is independent
of humidity (Welch et al., 2016). The electret dosimeter, in comparison to other detectors, has
a response curve whereby the very low or high doses are not efficiently covered, and it is

sensitive to normal gamma background radiation (Welch et al., 2016).

2.4.4 Thermoluminescent detectors

Thermoluminescent detectors are utilised for measuring ionizing radiation exposure by
measuring light photons emitted from thermoluminescent crystal or chip embedded in the
detector. The thermoluminescent detector chip is in contact with the beta or alpha particles, the
gamma particles in a form of light are emitted by radon and its progeny. Then, it is collected

and “read” in a detector’s apparatus and radon concentration is measured.

2.4.5 Activated charcoal detector

Activated charcoal detector are passive devices that can be deployed for several days for
detection of radon (Riggio and Santulin, 2015). The activated charcoal detector consists of a
metal canister with a removable lid and has a metal mesh which firmly holds the granulated
activated charcoal (Nastro et al., 2018). Prior to the detector being used, there is a removal of
any absorbed water vapor and absorbed gas carried out by heating the open canister. Then, the

lid is closed, and the canister is sent to the place, where the canister lid is opened to expose the
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charcoal for radon measurement. After the exposure period, the canister is closed and sent to

the gamma-ray spectrometric laboratory for measurement.

The activated charcoal detector uses an absorption technique whereby the detector’s activated
charcoal absorbs the radon gas in air. The other method of measuring the radon absorbed by
the activated charcoal detector sample is by liquid scintillation, whereby the activated charcoal
is mixed with a liquid scintillation cocktail for radon to dissolve and the solution is monitored

in a liquid scintillation counter.

2.4.6 Alpha scintillation cells

Alpha scintillation cells consist of silver activated zinc sulfide phosphorus to measure radon
concentration in air, workplaces and field measurement (Abdalla et al., 2019). Alpha
scintillation cells work with a monitor that includes a pulse counter and a photon detector,
which may be a solid state detector or photomultiplier tube (Division, 2018). Scintillation cells
have an interior wall that is coated with an alpha scintillation material, ZnS (AG), that produces
a photon as a result of being struck by an alpha particle. Photomultiplier tubes amplify or
multiply electric pulses generated by detecting photons which generate electrons: dynodes in
the photomultiplier, amplify electrons and results in electric pulses (Cho, 2003). The function
of a photon detector in the monitor is to change the photon to an electrical pulse, secondly it
amplifies the pulse and sends it to the monitor’s amplifier and counter circuit. The radon

concentration in a gas sample can be measured based on the number of counts over time.

2.4.7 lonization chambers

lonization chambers are measurement instruments that are accurate and are traceable to
reference standards (Ayman et al., 2017). They consist of electrodes with a gas filled space,
whereby an electric field is established between electrodes. Air enters the chamber through the
flow-through method or diffusion, then, ionization in the chamber occurs, a current is generated
and is detected. The measurement technique by the instrument can be by ionization current

measurement or alpha pulse counting.
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2.5 Determination of radon-222 by its progeny

2.5.1 222Rn determination by solid — surface barrier detector
One of the ways of determining 2?2Rn activity is through alpha spectrometry by counting alpha
emitting progenies of 22Rn.

A known quantity of radon air is drawn by two filters in a cylindrical system, whereby one
filter keeps the radon progeny and particulate matter, the other filter receives radon. On the
second filter, ingrowth of radon takes place, the second filter faces the surface barrier detector
and therefore alpha spectra is produced. In a simple method, positively charged progenies are
collected onto a metal surface that is placed inside the chamber’s negative potential. For
example, the positively charged 2'8Po particles gathered on a metal surface are counted by a
surface barrier detector. The advantage of using a surface-barrier detector is high resolution,
low background, ability to distinguish the signals of 22?Rn progenies and ?’Rn due to the fact

that they have varying alpha energies (Baskaran, 2016).

2.5.2 22Rn determination using beta counter

Assuming that there is secular equilibrium between ??2Rn and its progeny, the beta particles of
214ph and 2*Bi on a filter can be used for determining the radon concentration by measuring
their beta activity. Beta counter such as Geiger Muller counter are used to count the radon
progeny on filter paper. Also, plastic scintillators installed in photomultipliers tubes can be

used to determine activity.

2.5.3 Direct progeny monitoring technique

One way of measuring a time integrated radon progeny for determination of radon is with a
direct radon progeny sensor, which is made up of a solid-state nuclear track detector fitted with
an absorber of sufficient thickness. The direct radon progeny absorber comprises of aluminized
Mylar and cellulose nitrate of appropriate thickness of 37 um, whereby 7.67 MeV alpha
particles emitted from 24Po are detected (Singh et al., 2015).
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2.6 Temperature and humidity

2.6.1 Temperature
In physics, temperature is the measure of the average kinetic energy in a material caused by

heat absorbed by a material. The greater the heat applied to the object, the more the vibration
of the particles in the object, resulting in the object being warmer. Temperature is measured in
three different scales, namely Kelvin, Fahrenheit and Celsius.

The Celsius scale is named after Anders Celsius, who was a Swedish astronomer in the 17%
century. It is also called the centigrade scale and reading on the Celsius scale are identified as
degree Celsius. The Kelvin scale is the mostly used temperature scale in physical sciences
(Materese, 2018). It is named after the renowned British Physicist Lord Kelvin (1824-1907), it
describes temperature as it starts at absolute zero and a change in one Kelvin unit is equal to
the change of one degree Celsius. Temperature on the Kelvin scale is measured as Kelvins K
and it is also the Sl unit of the thermodynamic temperature (Materese, 2018).

The Fahrenheit scale, devised by Gabriel Daniel Fahrenheit in 1724, has a difference of 180-
degree interval between boiling point and melting point of water. Daniel Fahrenheit is the
inventor of the high mercury thermometer that is still used today, he calibrated a thermometer
using salt sea water because of its low freezing point when compared to water. He established

that the boiling point of water is 212 °F and the freezing point at 32°F.

2.6.2 Humidity

The term humidity refers to the amount of moisture in the air (Tiefenbacher, 2019). According
to Fontes (2005), absolute humidity and relative humidity are the commonly used terms to
express humidity. The term absolute humidity refers to the quantity of water vapour in the unit
volume of air expressed as grams of water vapor per cubic meter of air ( g/m3) (Peci et al.,
2019). Shaoxian and Shizhu (2019) state that absolute humidity p, is the density of water

vapour in wet air, given by the equation (15):

my

pr=" (2.15)

where, m,, stands for mass of water vapour and the volume of the water vapour is v.
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Absolute humidity is reliant on the actual temperature, for instance at low temperature at 0 °C
absolute humidity is usually 4.9 g/m® and at higher temperature at 30 °C the absolute humidity
is 30.1g/m? (Tiefenbacher, 2019). The relationship between temperature and absolute humidity
in relation to air is that at high temperature, the air contains a lot of moisture and at low
temperature, the absolute humidity is low.

Relative humidity (RH) is a percentage of the quantity of moisture that can be kept by the
atmosphere at a particular temperature and pressure without condensation (Yahia, 2019). In
simplicity, relative humidity is how much water vapour is in the air, expressed in terms of
percentage of the amount required to reach saturation. Relative humidity at 0 % means absolute
dry air or no water vapour content, while at 100 % it implies that air contains water vapour that
it holds at a given temperature and water vapour content in air greater than 100% means that
there will be formation of water droplets. Materials that absorbs or desorbs moisture at a
particular relative humidity of ambient air reaches equilibrium relative humidity, which is a
state of where a material, for example hydroscopic materials, never lose or gain moisture at

certain temperature (Tiefenbacher, 2019).

2.6.3 Relationship between humidity and temperature

According to Akbari and co-workers (2013), increase in temperature or decrease in temperature
or humidity, has an effect on the level of radon indoors. Temperature increase cause radon
levels to decrease, while an increase in humidity causes an increase in indoor radon level
(Akbari et al., 2013).

Chung (2020) developed a temperature and humidity sensor module, as seen in Figure 2.5, for
determining the relationship of indoor radon, temperature and humidity. The temperature and
humidity sensor module is a combination of Arduino Mega 2560 and DHT22 (Asong
Eletronics Co, China) with measurement errors for temperature range of -40°C to 80 °C at +

0.5°C, and relative humidity range at 0 % to 100 % at a measurement error of + 2 %.
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Figure 2.5: Tool for measuring temperature and humidity (Jai-Won Chung, 2020).

Moreover, other materials used to regulate temperature in chambers are the air conditioner,
heater and freezer. In the National Institute of Radiological Science radon chamber temperature
and humidity are controlled by air conditioner which provides heating, cooling and
maintenance of humidity. The exposure chamber designed by Leung et al. (1992), uses a heater
and freezer for regulating temperature and humidity, moreover, cooling in the chamber is
implemented by passing a gas through the freezer to the chamber. The chamber is heated

through an electric coil that converts electrical energy to a heat.

Chung (2020) states that an increasing humidity can increase the amount of radon emission
from building materials such as bricks and cement. Therefore, what causes an increase in
indoor radon levels is the increase in humidity. Decreasing temperature, regardless of relative

humidity, increases the radon levels indoors.

Furthermore, in a study by Mahat (2001) and Arnold and co-workers (2020), it was shown that
humidity has an effect on radon emanation and radon activity. Mahat (2001) used a small radon
chamber of volume 200 ml to expose electret detector and sun nuclear monitor to a radon
atmosphere generated by a monazite sand. The response of the electret dosimeter showed
increasing levels of relative humidity correlated to increasing levels of radon activity
concentration in the chamber as seen in Figure 2.6. However, for the sun nuclear detector, the
increasing humidity levels kept the radon activity concentration at constant ranges of 20 Bg/m?®
to less than 40 Bg/m?®.
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Figure 2.6: Radon concentration and humidity ( Electret dosimeter response represented by a
transparent dice spot and Sun nuclear monitor response represented by a black dot) (Mahat et
al., 2001).

A study by Arnold and co-workers (2020) with the aim of evaluating the influence of
environmental parameters on the emanation power of a designed radon source discovered that
the decrease of humidity, lowers the emanation power of the radon source. As seen in Figure
2.7, a drop of humidity from 100 % to 60 % has an effect on the gradual decrease of the

emanation power of the source from 0.85 to 0.75 with respect to time (Arnold et al., 2020).

25



0.90 + __Emanation power

w—
- 90
0.85= PR AN A
| -80
> |
v
2 0.80= :
8 'n =70
X T
S i
L . \’ =60 °
: v adaa
50_75-
& N | ”""" v L
‘\ {
1
0.70~ W | [
v |
\'-30
0.65

Time {hr)

Figure 2.7: The relationship between relative humidity and emanation power of a radon source
over a period of time (hours) (Arnold et al., 2020).

2.7 Radon sources and measurement

Radon is produced from the natural radioactive decay of uranium in soil and uranium rich
rocks. It is present as a gas in groundwater, ground cracks and produced air. For radon studies,
radon is extracted from radium and is measured with various instruments. The purpose of radon
sources is to generate a standard and well-known radon activity concentration inside chambers.
Shweikani et al. (1995), in their newly designed chamber for calibrating solid state nuclear
detectors, used 1.5 kg of uranium ore (pitchblende) as a source of radon. To measure the
accumulation of radon in this chamber, a silicon surface barrier detector was used to get the
counts of the decay of radon and daughters (?*®Po, 2*4Po) for a period (Shweikani and Raja,
2005). As chambers are designed differently, radon is emanated differently, some emanate
radon outside their main chamber and inject it in their main chamber. One such chamber is an
exposure chamber made by Radioisotope Unit at the university of Hong Kong (Leung et al.,
1992). This exposure chamber has the conditioning chamber and the main chamber. Radon
gas, water vapour and aerosol are mixed in the conditioning chamber, after being mixed they

are injected into the main chamber where exposure takes place. While the National Institute of
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Radiological Science (NIRS) walk-in radon chamber radon gas emanates from ceramic sources

of ?°Ra located outside of the chamber.

In some chambers, especially of small size, dry radium (??® Ra) is used without being mixed
with other solutions. At the University of Kebangsaan in Malaysia, an airtight chamber was
constructed to determine the emanation and activity of radon. The radon source used was a
mineral called xenotime in quantities of 0.15 kg, 0.25 kg and 0.50 kg. Xenotime has a high
concentration of the radioactive radium, which decays to radon. In these airtight chambers,
radon was generated by exposing the xenotime to air in the chamber that is the same as air
outside the chamber. The radon in the chamber was measured by a continuous radon monitor
(Khalid et al., 2014).

2.8 Homogeneity and radon leakage

Homogeneity in the chamber is a state of constancy of radon concentration achievable by air-
tightness of the chamber that minimises the loss of radon gas. In other words, all the positions
in the chamber must be of the same radon concentration. The methodology of testing the
homogeneity of radon concentration in the chamber was proposed by Heidary et al. (2011),
whereby CR-39 detectors were put in different locations of the chamber to determine the
uniformity of radon concentration in the chamber in different locations. Afterwards, CR-39
detectors underwent a chemical etching process with 6.2 NaOH at 70 °C for six hours to get
the track counts by an optical microscope. The track density obtained is proportional to the
radon concentration in the chamber. It was found that the CR-39 track counts were the same

and that the radon concentration in the chamber is the same in all locations.

2.8.1 Radon leak test

Radon leakage is the gradual or sudden loss of radon gas due to the faulty conditions
encountered in a designed chamber. Besides the conditions of the chamber in terms of design,
factors that lead to radon leakage may arise from a personnel entry during examination of

devices under calibration test and monitoring of environmental parameters.

Strategies to hinder radon leakage include the use of tightening material namely glycerine,
silicon rubber and O-ring for joints connected to the chamber (Janik et al., 2009). The use of

silicon rubber for tightening of joints for connection was put in practice by Janik and co-
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workers (2009) and Hosoda and co-workers (2007) with National Institute of Radiological
Sciences (NIRS) radon chamber system consisting of a connection of a stainless-steel tank and
radon measuring system. Also, silicon glue was used by Heidary et al. (2011) to attach plexiglas
windows to the chamber’s structure as seen in Figure 2.8 where a double door lock system
plays an important role in restricting radon leakage. The radon chamber used by Heidary et al.
(2011) consists of a solenoid valve connected to the vacuum compressor pump that moves
radon back and forth. The vacuum compressor pump that pumps lost radon to the chamber and
sustains the radon in the chamber.

Plexiglass

Windows
— e
(2)

Solenoid valve

Figure 2.8: A design of an airtight chamber, that maintains the radon atmosphere (1) Double
door lock system.(2) Plexiglas windows (3) Glove Entry (Heidary et al., 2011).

Furthermore, with regard to radon leakage, some materials used in the design of the radon
chamber can cause a decrease in the radon concentration. Such materials include tubes used
for tightening joints or connections; chambers where such tubes were had a leakage rate as
shown in Table 2.1, which is determined by radon concentration with respect to time (Radebe,
2019).
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Table 2.1: Variation of leakage rate and various tubes with diameter and thickness (Radebe,
2019).

Tube  diameter and
Type of tube thickness Leakage rate L

(mm x mm) (Bgm3h)
Open emanation source 8x2 79.2 (8)
Silicon rubber 8x3 72.6 (12)
Silicon rubber 9.6 x1.6 73.4 (10)
Norprene 10x 2 30.6 (8)
Tygon 5.3x15 16.4 (6)
Polyethylene 8x2 11.8 (4)
PVC 9x4 6.36 (12)
High pressure 10x 2 6.13 (12)
Gas burner 8x3 4.13 (16)
PVC 10x1 2.18 (10)
Teflon 0.55 (8)

2.8.2 Radon leakage determination
Prediction or mathematical modelling of equations of radon build-up activity radon leakage
must be developed for evaluating radon activity and the expected output. Moore and Kearfott
(2005) stated that in an airtight chamber, the activity of radon is calculated by:

A()rn = Ara(1 — e~rn ") (2.16)
where, the radon activity is A(t)r» and Agra is the radium source activity and Az, is the decay
constant of radon.
Moore and Kearfott (2005) further stated that when the chamber is not airtight, radon leaks
from the chamber, the activity of radon is calculated as:

ARg -
Ay = 7 [1 — ermtheadt ] (2.17)

/1Rn+/116ak

where, Meak IS the leak constant. In an airtight chamber, if the radon emanation source is
removed, the radon concentration inside the chamber decreases. The decrease in radon
concentration is calculated by:

A(t)rn = A(to) rne~ (et (2.18)
Where, A(t)rn is the radon activity at time t, A(to)rn is the initial radon activity. A radon
leaking chamber’s radon activity can be calculated using equation (19), when the radon

emanation source is removed:

A(t) = A(to) rne~CGrntAeaidt (2.19)
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A small airtight chamber designed by Khalid et al. (2014) was tested for radon leakage by
sticking a tissue on the outer edges of the chamber to check the wetness of the tissue when
blue dye water filled the chamber.

A plastic chamber designed by Lucas and Markun (1992) was tested for radon leakage by
enclosing it in a tank. The determination of the leakage in their designed chamber was by
evaluation of the difference of radon concentration in the tank and plastic, assuming that the
radon in the plastic bag is of a known concentration. Therefore, an increase in the 222Rn activity
of the tank indicates a leakage of 222Rn from the plastic bag.

The studies carried out by Abo-Elmagd (2014) and Syam co-workers (2020), showed that the
radon leakage from the radon chamber can be determined by ventilation. In both studies, a
radon source was used to generate radon in the chamber and then the radon source was removed
from the chamber for determination of decay curves. Syam and co-workers (2020) used ?*°Ra
soil as a radon source and measured the decay curve using the RAD7 monitor as seen in Figure

2.9. Then, ???Rn activity concentration in a chamber is calculated as:

dc, A+
=~ C+ A4 C
dt A
c="[ _ m] e~ (A+Av+ap)t 4 Mo (2.20)
L b+ V(A+A)

C» stands for initial *?Rn concentration, C, is the ?Rn concentration in Bgm™ with
leakage, Co is the background 2??’Rn concentration in the laboratory, C is the radon
concentration inside the chamber at time t, the leakage rate is A, and the 2?Rn decay constant
is symbolised as A (Syam et al., 2020).

The theoretical initial slope for the decay curve with leakage is expressed as M, depicted in
Figure 14 (Abo-Elmagd, 2014, Syam et al., 2020).

ac, Ay C
= =—-(A+2 _
M, dt,o DG,y A,
My = —CpA — A,(Cp — Co) (2.21)

The experimental initial decay curve M; is given by:
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C1=Cpre1t
M="=¢ (2.22)

b
dtt—»O
Finally, the leakage rate A, by both theoretical decay curve and measured experimental decay
curve as seen in Figure 2.10 given by (Abo-Elmagd, 2014; Syam et al., 2020).

M;— M,

= 2.2
Ay o —Co (2.23)
2 R

c = <

*i; ,,.—J “\%ﬁ

— Sy s

: Dust
l idiautiy Filter

n— ()L'TT ll.\"

Marinelli
beaker

Radon Accumulation Chamber

Figure 2.9: 222Rn leakage determination in an accumulation chamber (Syam et al., 2020).

Figure 2.10 depicts the graphical representation of the leakage rate of the chamber by
comparing the theoretical decay curve with the measured decay curve. The ??°Ra soil sample
was placed in the accumulation chamber and the 2?2Rn concentration was measured with
RAD?7. The soil sample was removed and ?22Rn was measured to determine the leakage rate of

the accumulation chamber.
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Figure 2.10: Radon chamber leakage rate determination (Syam et al., 2020).

2.9 Calibration and intercomparison

Calibration of a radon detector is an activity of necessity that must be conducted over time to
minimise errors of inaccurate radon measurement in any field. For attainment of quality results
during the calibration activities, it is necessary that a steady flow of radon concentration is kept
together with constant environmental parameters (Kim et al., 2013). During calibration
activity, various detectors that are active and passive, are exposed to a radon concentration,
active detectors give results quickly while passive detectors take time to give results based on

the duration of the measurement activity.

2.9.1 Calibration by a steady flow of radon
During calibration with a steady flow method of radon, different flow rates are used and the

time for calibration of radon monitors is less than that of radon accumulation in the chambers.
Radon accumulation chamber are chambers that allow the increase of radon within the chamber

and the continuous measurement of radon at any time (Kotrappa and Stieff, 2012). Steady flow
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method provides fast calibration for instance, the chamber volume of 50 L by Taheri (2013)
reaches a constant radon level within 150 min, ready for calibration with different flow rates

ranging from 0.81 / min to 2.2l / min as seen in Figure 2.11.
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Z 16000 §i{‘H
£ .
< 14000 ifit 1;§; 11,411 1oymin
12 12000 §§ PTIIIELINRELS
= S23%d
S 10000 3% .
) I 1.5 L/min
€ 8000 i L eety gitergddtaiigesits '
8 tq.’ "1 - e%8a84"%%g4géd 2.0U/min
> 6000 5o o -!'! S LRSS S PRS- _
= KN 5 = ' 2.2L/m|n
S 4000 | %%
< Be
2000 | &°
0 &=
0 100 200 300 400

Time (min)

Figure 2.11: Calibration with steady flow of radon (Taheri, 2013).

According to the Figure 2.11, it is clear that with a 50 L chamber, the high radon concentration
activity is obtained with less flow rate and a lower radon concentration activity is obtained with
a high flow rate. Higher flow rates from 1.5 L / min to 2.2 L / min results in the radon activity
concentration becoming steady after 100 minutes in the chamber. Lower flow rates of 0.8 L /
min and 1.0 L / min results in the radon activity concentration becoming steady as from 200

minutes.

The calibration procedure begins with the introduction of one or more radon monitors into the
radon chamber for exposure to a constant flow of radon activity emanating from a NIST
standard source. The radon activity concentration is measured and recorded according to flow
rates during the radon exposure period. Table 2.2 shows an example of radon calibration with

a constant flow of radon at varying flow rates, where two radon monitors are compared to a
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NIST radon standard source by calculating their ratios to the standard radon source (Kotrappa
and Stieff, 2012).

Table 2.2: Different flow rates for calibration. NIST DC is the emanated radon activity. AG is
the Aphalguard measured radon concentration. BG is the background and FT is the Femto Tech
detector measured radon concentration (Kotrappa and Stieff, 2007).

AG-BG | (FT-BG) /
Flow rate | NIST NIST DC | AG-BG | NIST DC|FT-BG | (NIST DC)
(Imin?) | (Bgm?) (Bam?®) | (Bgm?®) |(Bgm?) (Bagm?®) | (Bgm?)
0.104 1097 1046 1013 0.969 985 0.942

0.203 562 549 576 1.050 606 1.104

0.392 201 287 280 0.977 289 1.007

0.607 188 186 190 1.023 191 1.027

0.796 143 142 144 1.009 141 0.993

0.961 119 119 118 0.993 126 1.059

2.9.2 Reference devices
Reference devices play a role in calibration activities by being a point of references when

calibrating non-calibrated radon devices. Reference devices from a primary radon chamber or
secondary radon chamber are of use in calibrating other radon devices, this is seen in the work
of Irlinger (2015). The steel pot chamber by Irlinger (2015) consisted of two radon devices and
a radon source namely pitchblende. The calibration plan was that two reference devices
exposed to a radon concentration in an airtight chamber must have similar measurement or a
difference that is less compared to the known radon source, in order for them to be used as

reference devices to calibrate other detectors in various chambers.

2.9.3 Intercomparison
Intercomparison is an activity test of comparison of radon monitors by laboratories to check,

maintain or adjust the radon monitors under test to a known radon activity concentration by a
trusted national or international radon laboratory. Intercomparison begins by the selection of a

calibrated radon monitor that is calibrated from a primary national reference standard
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laboratory, and then the calibrated radon monitor is used as a transfer standard whereby it is
sent to other laboratories, that are designed in such a way that they have System for Test
Atmospheres with Radon (STAR) (Zeeb et al., 2009). Zeeb and group (2009) defines STAR as
an “acronym used to designate the equipment needed for the creation and use of an atmosphere
containing a reference concentration of radon”. The transfer standard with other radon
monitors is exposed to the radon atmosphere and measurements are done in order to check the
measurement error of devices under test subject to the transfer standard. The role of a transfer
standard is to check traceability of devices under test to a national reference standard. Errors
identified by the reference laboratory of radon monitors under test, are used to rectify

discovered errors of radon monitors under test (Miller, 2020).

During intercomparison exercise, the host entity receives radon monitors from participating
laboratories. The host entity exposes radon monitors to certain levels of radon atmosphere, then
it returns the radon monitors to the participating radon laboratories without giving them the
results. The participating laboratories, after exposing their radon monitors to certain levels of
radon activity, return their results to the host laboratory. The host laboratory sends a report of

their results in comparison to the participating laboratory results.

In radon intercomparison exercises, data analysis between the reference laboratory and
participating laboratory is done by indexes such as zeta-score, z-score and percentage
difference. Rabago et al. (2020) states that the zeta score is “the statistical index used to
compare intercomparison results where the uncertainty in the measurement results is included.”

It is determined by the following equation:

Ei — Ever
£ = (2.24)
Vuz(E) + u2(Eref)

where, E; is the laboratory results arithmetic mean, in terms of radon exposure. Ere Stands
for reference values and u(E;) is the participating laboratories radon uncertainty measurement.
While u(Err) is the radon measurement uncertainty by the reference device (Rabago et al.,
2020). If é<1, the results are satisfactory and if & >1, the results are not satisfactory. Cardellini

et al. (2016) defines ¢ as the number performance level.
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The z-score is the standardized measure of the performance determined by using participating

laboratory results, expressed as follows:

(Ei - Eref) 5
zZi=—"—" 2.2
= (225)
where, g, is the “standard deviation proficiency assessment chosen as a target for the

intercomparison exercise” (Cardellini et al., 2016).

The difference between a participant's test data and the reference value, divided by the
reference value, and multiplied by 100 is the percent difference (PD) performance statistic
(Janik, 2017). It is given by:

Chp — C
T
PD[%] _ i = Crer) 4 09, (2.26)
Cref

where, Ciap 1S €ach laboratory’s average radon concentration and Crer is the average radon

concentration by a reference measured in the radon chamber (Janik, 2017).

Furthermore, data analysis for intercomparison by Miller (2020) is based on the performance

classification scheme or ranking scheme, which is described by parameters such as :

e percentage biased error, which is basically for measuring the bias of the measurement

e percentage precision error, which is defined as the precision of the measurement
measured as a percentage precision error

e percentage measurement error, which combines the percentage bias error and

percentage precision error.

Measured mean — Reference value

' = X 100 2.27
percentage biased error Reference value ( )

. . Standard deviation
percentage precision error = X 100 (2.28)
Measured mean

percentage measurement error

= Vpercentage biased error? + percentage precision error? (2.29)
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Moreover, Miller (2020) ranked or classified the performance of participating laboratories
measurement error exposures individually from; A which is classification for best performance
and F which is for worst performance as seen in Table 2.3. For each exposure, each
participating laboratory was assigned a classification ranging from A to F as seen in Table 2.3.
The following are the criteria for each of the classification groups.

Table 2.3: Performance classification (Miller, 2020).

Performance
(o)

Range of measurement error (%) classification
less than 10% A
greater than or equal to 10% and less than 20% B
greater than or equal to 20% and less than 30% C
greater than or equal to 30% and less than 40% D
greater than or equal to 40% and less than 50% E
greater than or equal to 50% F

2.9.3.1 Preparation of the radon monitors for measurement

The radon monitors calibration validity is evaluated, whereby host institution for calibration
have databases with radon monitor’s names that help with checking whether the instrument is
within calibration range. For active radon monitors, all accessories needed for using the radon
monitor or that will be needed for sampling in the field are checked (lovine et al., 2022). Also,
memory for storing data especially for active radon monitors is checked. Furthermore, internal
intercomparison measurements, intercomparison of procedures and techniques, background

checks of devices before going to the field are conducted.

For passive radon monitors, it is important to check whether the monitor is well packaged to
avoid any measurement errors that may be caused by contamination, during transport or in
transit. For field work it is necessary to choose a suitable radon detector instrument that has a
barcode or labelling for example SSNTD LR-115, CR39 or charcoal detectors. For the charcoal

detectors, the mass of the detector before and after the field trip/work are measured.
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2.9.3.2 Use of intercomparison results in laboratories

The use of intercomparison results received from a host institution that conducted calibration
exercises to the participating laboratory is important as accuracy assessment can be validated.
Other benefits that the participating laboratory include detection of systematic errors,
identification of the need for equipment maintenance or verification. Systematic errors are
errors that occur repeatedly during calibration, and they cause a high or low bias in the
measurement results. Other important points include the ability to monitor human errors that
may occur during sample preparation or handling. Furthermore, the performance of the
laboratory can be evaluated and, if the laboratory performance of radon monitors received from
intercomparison test is unsatisfying, recalibration can be done.

2.9.3.4 The use of calibration results

Calibration results can be used to get the calibration factor, which is necessary for tuning the
calibrated device using the correction factor to test if the instrument is measuring accurately.
Calibration results help when using the background value and sensitivity of the instrument at
different activity levels of exposure. The software used for radon monitors to retrieve data can
be updated with new calibration data and the old calibration data can be compared with the

new calibration data.

2.10 Quiality assurance of ?Rn of measurements

To ensure quality, reliability, traceability of data, certain control measures have to be evaluated

namely:

e Dbackground measurements,

e duplicate or collocated measurement,
e calibration measurement,

e inter-laboratory comparisons,

e routine instrument performance checks.
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2.10.1 Background measurements

Continuous use of both active and passive detectors increases the background activity of the
detector. Therefore, detectors must be assessed annually to detect the background of activity
that accumulated. Radon progenies, in the detectors reach equilibrium namely, 2°Bi and #°Po,
as 21%Po increase, resulting in the increase of the background activity concentration of the
detectors (Rottger et al., 2021, Sukanya et al., 2022). Therefore, the sensitivity of the detector
is limited and it affects the results (Pelczar et al., 2021).

2.10.2 Calibration measurements

Calibration of both active and passive detectors must be conducted annually and periodically
by authorized personnel in manufacturer’s laboratory. Critical steps to be followed in the

process comprise of:

e comparison check of voltage at critical points in the circuit,

e inspection of the condition of the batteries, whether they need to be recharged or
replaced,

e evaluation of discriminator settings for correction or adjustment,

e running background measurement in a radon free air and exposing the detector to

known activity concentration of radon atmosphere.

2.11 Radon chamber design in different continents

Europe

The Government Office of the Capital City Budapest (BFKH) in Hungary is equipped with a
radon calibration chamber of volume 840 L. The chamber is made of a stainless steel and has
aradon source, nitrogen gas, pump, computer for controls and data processing as seen in Figure
2.12 (Pierre et al., 2021). Prior to use, after being sealed, the radon measurement system was
flushed with nitrogen gas. Two-position electronic valves are utilized to link the chamber and
a buffer tank to a flow-through ??°Ra source, which is employed as a radon source to generate
radon at a desired activity concentration. In addition, in order to prevent the concentration from
falling below a certain concentration, the radon gas is automatically fed into the chamber by

opening the valves using a computer-based controller unit (Tamakuma et al., 2023). The
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homogeneity of the radon gas in the chamber is through two internal fans, the calibrated
Alphaguard radon monitor measures the 2?2Rn activity. The chamber can maintain relative
humidity at 20 - 80 %, 2%2Rn activity concentration at 100-5,000 Bq m™ and temperature at 15
—60°C.

N |
e - Measuring chamber
With environmental sensors,
I} calibrated AlphaGUARD and fans

.

( Controller unit ]

Two-position
electronic <
valve

Ra-226 source }D{W)
Computer for controls
Buffer ’ and data processing

Figure 2.12: Budapest, government office radon chamber scheme (Pierre et al., 2021).

| O

In Poland, at the Central Laboratory for Radiobiological Protection, a walk-in radon chamber
was constructed. The chamber has an internal volume of 12.38 m?, and consist of a viewing
window, manipulating gloves, input ports for radon injection as seen in Figure 2.13. The
chamber has two flow-through ??®Ra sources of activity 137 kBq connected externally on the
opposite sides of the chamber. ?22Rn atmosphere transferred to the chamber is maintained by
continuous pumping of radon ?*Ra (Mamont-Ciesla et al., 2010). The temperature in the
chamber is controlled at the range of 10 °C to 60 °C and relative humidity at 10 % to 95 %.

The maximum radon activity reached by the two ??°Ra is 50 000 Baq.
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Figure 2.13: Walk-in radon chamber (Mamont-Ciesla et al., 2010).

In Slovak Republic, a radon calibration chamber was established at the Slovak Institute of
Metrology (SMU) with the aim of using the Alphaguard as a secondary standard, to offer
traceability to other laboratories (Blahusiak et al., 2020). The chamber is a horizontal stainless-
steel cylinder with a diameter of 0.8 m, length of 2.0 mm and internal volume of 1.0 m®. The
source used to generate radon is a dry flow through source which contains radium salt, and is
manufactured by Czech Metrological Institute (Blahusiak et al., 2020). As shown in Figure
2.14, the radon chamber is connected to the personal computer (PC), continual monitor of radon
(CMR) and Lucas cell (LC) for point sampling. The chamber is equipped with a pTHf monitor
for processing and storing thermodynamic parameters such as pressure, temperature and
relative humidity. In order to ensure the tightness of the chamber during operation, its standard
working pressure is set between 980 to 990 hPA. Homogenous radon atmosphere is achieved

by fans installed (Tamakuma et al., 2023).
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Figure 2.14: Slovak Institute of Metrology, radon chamber (Blahusiak et al., 2020).

Asia

In Kuwait, at the College of Technological Studies, a radon chamber from Genitron was used
for calibration. The radon chamber has a volume of 101 L, height and diameter of 67 cm and
45 cm, respectively. The upper lid of the radon chamber is removable for introduction and
removal of radon monitor and other peripherals such as fan and electrical cables for power
supply to radon monitors and data transfer (Al-Azmi, 2009). The upper lid has ports and inlet
and outlet valves for the flow of radon in and out of the chamber. The steel belt as shown in
Figure 2.15 assist in sealing the lid during measurements. The Alphapump is used to draw
radon from the ground at a ground-depth of 0.5 m using soil probe. The drawn radon is
transferred to the radon reservoir tanks of differing volume of up to 20 L. An hour is taken
before filling the chamber, to allow the short-lived thoron gas to completely decay. Radon
reservoir tank have two plastic tubes which have Quick-Lock coupling connector on its
opening. The lock connectors are made up of tube nipple and tube coupling, as well as internal
valves that instantly close when the clutch disengages. The lock connectors play a role of
preventing radon leakage during the filling of the radon reservoir and the transfer of radon to
the chamber (Al-Azmi, 2009). The Alphaguard radon monitor is used in flow mode during the

filling of the radon reservoir and in diffusion mode, when placed in the chamber.
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Steel belt

Figure 2.15: Radon chamber with radon reservoir tank (Al-Azmi, 2009).

In Malaysia, at the University of Kebangsaan, a radon chamber was constructed for the
determination of radon activity using a continuous radon monitor (Sun Nuclear model 1029).
The chamber is made of Perspex material of 0.006 m thickness and has an internal volume of

0.07 m®. To ensure airtightness of the chamber, silicon glue was utilized to affix the pieces of
the Perspex material together (Khalid et al., 2014). The chamber has a door with a handle and
two-key mechanism; for insertion and removal of samples and devices, as seen in Figure 2.16.
At the edges of the door, plasticine was applied to enhance the airtightness of the chamber. The
radon atmosphere is generated by the xenotime mineral and is measured at hourly intervals for
96 hours.
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Figure 2.16: Radon chamber with xenotime sample and continuous radon monitor (Khalid et
al., 2014).

Africa

In Egypt, at the National Institute for Standards, a radon chamber was designed for accurate
measurements of radon. The chamber is made of a firm corrosion resistant 1 mm stainless steel
and is parallelepiped shaped with a volume of 0,05 m®. During the experiment, the hygrometer,
barometer and thermometer are employed to measure relative humidity, pressure and
temperature, respectively within the chamber (Abo-Elmagd, 2014). The exposure shutter,
situated at the top side of the chamber in Figure 2.17 is used for insertion of animals to be
exposed to a radon atmosphere. Uranium ore is used as a radon source and the Alphapump is
used to monitor the radon activity inside the chamber. The two electric fans are used for

homogenizing the radon atmosphere.
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Figure 2.17: Radon chamber at Egypt, National Institute for Standards (Abo-Elmagd, 2014).
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CHAPTER 3: METHODOLOGY

The construction of the radon chamber and its use for calibration of radon detector are
presented in this chapter. Also presented are brief descriptions of the features of the major
devices and materials used, including the radon detectors, Alphapump, power supply, radon
source, etc.

3.1 Radon chamber

The radon chamber wall is made of 6x10m thick sheets of perspex materials. Six perspex
sheets were joined together to form a rectangular box of volume 0.5 m® with dimensions of 0.8
m (length) x 1 m (breadth) x 0.6 m (height) as is seen in Figure 3.1. On the frontal side of the
chamber there is a door of length 0.46 m and width 0.32 m, which was used for the insertion
of the radon source, radon monitors, electrical wires and the Alphapump. The door has two
hinges and four locks; plasticine was applied on the edges on the door for airtightness of the
chamber (Khalid et al., 2014). Figure 3.1 depicts the materials that were added to the radon
chamber in the grey shade after it was airtight. The Mecer inverter acted as a power supply to

electrical equipment during power-cuts.

Volume of the
chamber: 0.5 m
\\
1 Wall thickness: 6 x 1@ H

AlphaPump

Radon generation
system

Radon monitors

Figure 3.1: Radon chamber design at the CARST.
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The decision to use the Perspex sheet material was influenced by the chamber constructed by
Khalid and co-workers (2014), in Chapter 2 section 2.11. The Perspex sheet material has high
impact resistance, good chemical resistance and good weatherability. Depending on its use, the
Perspex sheet material could be employed at temperatures ranging between -30 °C to 90 °C
(Plastic, 2023). Depending on the measure of its thickness, ionizing radiation such as alpha
particle, beta particles, X-ray and gamma radiation can be blocked (Altuglas, 2006). Therefore,
the Perspex sheet is suitable for study.

3.1.1 State of the previous radon chamber
In the earlier study (Radebe, 2019), soil was used as the radon source and brown tape was used

as sealant as seen in Figure 3.2. The Perspex sheet, also known as acrylic sheet, tends to expand
when there is an increase in humidity or temperature (Acme, 2022) while, it tends to contract
in dry or cold conditions. It was observed that the door of the chamber was not linear but
curved, and there were gaps as a sheet of paper passed by the door in Figure 3.2. Necessary
steps were taken to minimise the radon leakage.

Brown tape on
door edges

Door fastener

(a) Radon chamber with two Alphaguards for | (b)??2Rn escaping points due to gaps on
measuring radon activity from the soil the door

Figure 3.2: State of the previous radon chamber: (a) brown tape as sealant around the door;
(b) gaps along joints.

47



3.2 Sealing of the chamber

The foam-sealing strip was a manufactured closed-cell sponge strip self-adhesive on one side
for use as a sealing strip which is resistant to dust, moisture, light, air, and water. It is suitable
for all types of doors, boots, bonnets, canopies, boats, caravans, trailers, motorcycles, vents,
windows and roofing. It stops vibrations and serves as an excellent sound dampener and

draught sealer. The foam sealing strip and a silicone sealant were used to make the radon

chamber airtight.

Figure 3.3: Application of silicon sealant.

The surface where the clear silicon sealant and sealing foam strip were applied was thoroughly
cleaned in such a way that the surface was dry and free of grit. Silicone sealant was applied
even on the screws that fasten the door and left to dry as shown in Figure 3.3. Then the foam
sealing strip was applied slowly on the edges of the door as seen in Figure 3.4 to prevent 222Rn
leakage. There were no gaps on door edges, seen even after a month of applying the silicon and
foam sealant strip. Therefore, the airtightness of the chamber was increased, to make the

chamber suitable for radon detector calibration test.
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Figure 3.4: Chamber tightness enhancement using foam sealing strip.

The foam sealing strip enhanced the tightness of the chamber, even the sound of the internal

noise by the equipment undergoing test lessened.
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3.3 Radon chamber set-up

The radon generator system consisted of a glass bottle, centrifugal tube, 222Rn source and inlet
tube as seen in Figure 3.5. The glass bottle was filled with 250 ml of distilled water, the lid of
the glass bottle has two holes for insertion of the centrifugal tube and inlet tube. A glass beaker
was used to precisely measure the amount of water to be used. The two holes on the metallic

lid of the glass were drilled with an 18 V Ryobi lithium-ion battery cordless driver driller. The

circular holes are good for fitting the inlet tube and centrifugal tube.

Figure 3.5: Radon chamber setup
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The glass bottle volume was 0.00225 m? and airtight as no gas escaped from the lid but only
on the centrifugal tube outlet hole. A 50 ml centrifugal tube made of polypropylene material,
with a skirted conical base shape was used as a >*?Rn standard source holder. The centrifugal

tube was also drilled to have three holes:

e two holes at the bottom to serve as inlet of pressurized air to bubble ?2?Rn from the
liquid 2*°Ra source.

e the other hole position was near the top of the centrifugal tube cap. It acted as an outlet,
to disperse bubbled ??2Rn gas into the chamber, as indicated in Figure 3.5.

Groundwater and surface water contain minerals, pesticides and bacteria. The distillation
process of water removes about 99.9% of minerals and other contaminants such as calcium,
magnesium, fluoride, lead and chloramine (Bruce Djovak, 2013). Distilled water is good for

laboratory use as it is free from most impurities.

Cold glue gun was used to seal the gaps on the outer edges of the circular centrifugal tube and
the inlet tube to avoid ???Rn escape. The purpose of spraying glue was to bond the lid and the

tubes, such that openings that might lead to leakage were closed.

For uninterrupted measurements during load shedding, a Mecer 2400 VA inverter with two 12
V batteries was used as seen in Figure 3.6 for providing power to the radon monitors and the
Alphapump. The room environmental conditions were checked to ensure that Mecer 2400 VA
operational conditions of 0 to 90 % humidity and operational temperature of 0 to 40 °C were
met. Moreover, the batteries were rated to last 150 — 200 cycles, for occasional stage 1 — 2 of
load shedding, the life span of the batteries was two years, for constant stage 2 to 6 the lifespan
was a few months (Geewiz, 2018). Therefore, the Mecer 2400 VA inverter was suitable for the
experiment as there was also the university power-supply by generators, that took less than 15

min to kick-start during load-shedding.

51



Figure 3.6: Mecer 2400va inverter for uninterrupted experimental measurements during load
shedding.

3.4 Radon monitor

The Alphaguard is a portable measuring instrument for radon activity concentration and is
battery operated. The battery is inbuilt and operates for 10 to 15 days of radon monitoring. In
addition, it measures the relative humidity, air pressure and temperature using inbuilt sensors.
The results are stored in a ring memory, and the last data set is retrievable though the RS-232
interface connected to the PC for data analysis. The Alphaguard has a high detection efficiency,
quick response to concentration gradients, long-term maintenance free operation and it utilises
3D alpha spectroscopy. It is insensitive to vibrations and shocks, such that in high humidity
areas it provides accurate results. It contains an ionization chamber with a 0.56 litre active
cylindrical volume, and when powered, it has an operating voltage of +750 V DC, as illustrated

in Figure 3.7. The anode and cathode electrodes make up the ionization chamber.

When the input signal is received via diffusion, a glass filter permits the 222Rn signal to pass
through and be processed by the preamplifier unit, which then transfers the signals to the
electronic network for digital processing, according to (Saphymo, 2012). It is mostly used in

laboratories as a reference device (Bloomberg, 2018, Janik, 2017).
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Figure 3.7:The Alphaguard's ionization chamber in a schematic diagram (Saphymo, 2012).

3.4.1 Alphaguard housing
The Alphaguard is made up of aluminum which houses all the electronic parts for measurement

operations. The dimensions of the Alphaguard housing are as follows: length: 230 mm; width:
340 mm and height: 120 mm. In Figure 3.8, the Alphaguard is shown to have a multifunctional
display which shows the measurement of radon activity concentration with its statistical error
bar and climatic parameters are displayed. The operational indicator lamp shows time in terms
of hours and days while the measurement is in progress. For hours, if there is a flashing green
light, the Alphaguard operational time is more than 75 hours, otherwise there will be a red-
light flashing indicating that there is less than 75 hours of operation. If an external battery is
connected as a power supply, a green light indicates that there is more than 9 days of operation,

if not, a red light will indicate that there is less than 9 days of operation (Saphymo, 2012).
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Figure 3.8: Alphaguard dimensions (Saphymo, 2012).

3.4.2 Alphapump
The Alphapump was used to convey the radon gas from the radon standard to the chamber. It

is a battery-operated device that is used to pump gases and continuous cycling operations are

performed with it.

3.4.3 Airthings Wave Plus monitor
The Airthings Wave Plus monitor (Model 2910, Airthings), was used to measure radon. It gave

a detailed report of six air quality parameters, namely:

e humidity

e temperature

e carbon dioxide

e air pressure

e volatile organic compounds

e radon

The Airthings Wave Plus monitor in Figure 3.9 is circular in shape and similar to a smoke
detector. It differs from the active radon monitors in a sense that it does not have indicator
lights that are on and On mode always. It is portable in such a way that it can be mounted on a

wall and placed on shelves.
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Figure 3.9: Airthings Wave Plus monitor for radon measurement and other climatic conditions.

On the back of the Airthings Wave Plus monitor there is a removable magnetic plate that could

be screwed on a wall, then it easy for the main unit of the monitor to be attached to the wall.

To check the air quality of the location under measurement, a hand was waved in front of the
Aithings Wave Plus monitor. After waving as in Figure 3.10, three colors indicated the quality

of the air as follows:

¢ Red indicated a poor air quality
e Yellow indicated a fair quality and,

e Green indicated a good air quality
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Figure 3.10: Depiction of a good air quality indicating that radon gas levels were below
acceptable level.

3.5 Radon source
The radon source (see Appendix A) that was used was EB85 from CMI in Czech Republic,
which is a measurement standard in a form of a radioactive solution of ?*°Ra that emanates a

known quantity of ??2Radon-gas.

The radioactive solution of 22Ra was stored in the emanation bulb, a glass vessel which allows
undisturbed radon accumulation within a 100 % humidity atmosphere. Then the accumulated
radon gas is transferred to the container via the gas valves using the gas tight Alphapump.
Finally, the measured radon concentration was compared to the activity released by the

standard material so that the deviations could be calculated.

3.6 Experimental procedure for calibration
A gas tight electronic Alphapump was used to transfer accumulated radon gas from the radium
standard solution (EB85) in the glass bulb, into the radon chamber. The reference radon

atmosphere from the radium standard into the radon chamber was from a known activity
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concentration value of 1860 Bqg. The two Alphaguard radon monitors undergoing a calibration
test were exposed to the reference radon atmosphere. Comparison between reference radon
standard values and the two values of the Alphaguard radon monitor were observed and
necessary adjustments to align the radon monitors to the reference standard were made. The
Alphaguard was turned off and the Airthings Wave Plus monitor was also exposed to the
reference radon atmosphere, to study the behaviour of radon and environmental conditions

after reaching stabilisation for a period of 40 days as depicted in Figure 3.11.

Airthings Wave Plus
monitor

Figure 3.11: ?22Rn activity measurement after a period of 40 days.

3.7 Data analysis

The DataEXPECT software and Airthings App were used to collect raw data of 222Rn activity
concentration, relative humidity, temperature and pressure, from the two Alphaguard and
Airthings Wave Plus monitor (Saphymo, 2012; Airthings, 2023). Microsoft Excel spreadsheet
was used to analyse the data and to plot graphs of the behaviour of environmental conditions

and 222Rn activity concentration radon.

3.7.1 Theoretical and experimental curve for calibration
The Bateman equation was used to obtain the ??2Rn activity concentration from the parent

nuclide, ?*Ra (liquid ??Ra EBS85 standard solution). The computed curve of the radon
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ingrowth obtained for a period of forty days was tabulated and used as a calibration curve. The
experimental curves of the two Alphaguard were compared against the calibration curve. The
calibration factor was obtained, which consists of the average activities of the two Alphaguard

and the average activity of the reference radon standard, expressed as:

= _Crer (3.1)

Crap-Co

where K is the calibration factor, Cr.s is the standard reference average ??Rn activity, Ciap is
the average measured from the Alphaguard and Co is the background radon activity of the

chamber.

For determining tightness of the chamber, the average air pressure from the Airthings Wave

Plus monitor was compared with the average air pressure from the two Alphaguard.

Percentage deviation was also computed to determine the deviation from the standard source

as:

Cav - Cav re
PD[% ] _ Cavg e ) 1100% (3.2)

Cavgre f

where, Cavg is the average ???Rn activity measured by the Alphaguard, and Cavgres is the
average 2?’Rn activity by the radon standard source.

3.7.2 Homogeneity of radon in the chamber
From Section 2.8, uniformity of radon is achieved through measurement of radon in different

locations in the chamber. Due to the design of the chamber, two Alphaguards used could be in
ground positions in the chamber. Therefore, the period taken for radon activity to stabilise was

evaluated, as assurance to uniform radon activity in an accumulation type of radon chamber.

3.8 Radon leakage rate

The EBB85 radon standard was placed in the chamber for less than 6 hours, and it was removed.
The radon activity concentration was measured continuously with time, and it was this data
which was used to obtain the initial radon concentration, which was used to determine the
initial slope for the ideal decay curve with no leakage (M;), initial slope for decay curve with
leakage (M), and leakage rate (1,)from section 2.8.2, equation 21 to 24. The background

radon concentration of the laboratory was measured.
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CHAPTER 4: RESULTS AND DISCUSSIONS

This chapter outlines the procedural results obtained in the radon chamber calibration process.
Theoretical and experimental values were compared to calibrate and evaluate the performance
of the radon chamber. Results of calibration tests with Alphapump operating and turned off
were observed and necessary derivations of the nature of the radon chamber and performance

of radon detectors were interpreted.

4.1 Theoretical estimate of radon standard values

From Section 3.7.1, a radium liquid solution with an activity of 1.86 kBq traceable to CMI
measurement system of 2®Ra was used to estimate ??2Rn activity for a period of 40 days. The
estimated 222Rn activity concentration values were used as theoretical radon standard values
for comparison with experimental values in Table 4.1. The Bateman equation (Chapter 2,

Section 2.1.2.1) was used to determine the 222Rn ingrowth, shown in Figure 4.1.
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Table 4.1: Results for the theoretical ?22Rn curve for calibration.

(PS;;(; Time (Days) Theoretical ??Rn activity curve (kBq)
1 86400 0.64
2 172800 1.18
3 259200 1.62
4 345600 2.00
5 432000 231
6 518400 2.57
7 604800 2.78
8 691200 2.96
9 777600 311
10 864000 3.24
11 950400 3.35
12 1036800 3.43
13 1123200 351
14 1209600 3.57
15 1296000 3.62
16 1382400 3.66
17 1468800 3.70
18 1555200 3.73
19 1641600 3.75
20 1728000 3.77
21 1814400 3.79
22 1900800 3.80
23 1987200 3.81
24 2073600 3.82
25 2160000 3.83
26 2246400 3.84
27 2332800 3.85
28 2419200 3.85
29 2505600 3.85
30 2592000 3.86
31 2678400 3.86
32 2764800 3.86
33 2851200 3.87
34 2937600 3.87
35 3024000 3.87
36 3110400 3.87
37 3196800 3.87
38 3283200 3.87
39 3369600 3.87
40 3456000 3.87
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Figure 4.1: Secular equilibrium of nuclides 1.86 kBq liquid ??°Ra source and 22?Rn.

In secular equilibrium (Section 2.2.1), ??Rn activity grows to equal the activity of the parent
226Ra, as shown in Figure 4.1, from day 28 and onward. However, the figure does not truly
estimate the activity of 22Rn that would have been accumulated in a chamber of volume 0.5
m? over a period of 40 days. Hence, the activity of 22Rn was divided by 0.5 m® to estimate the

concentration of 222Rn in the chamber over a period of 40 days, as seen in the Figure 4.2.
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Figure 4.2: %2Rn ingrowth obtained from Bateman equation used as the theoretical radon
calibration curve.

The expected behavior of the radon monitors under test is theoretically depicted in Figure 4.2.
The curve was used as a standard radon calibration curve to calibrate and determine deviation

of radon monitors under test from the standard %*?Rn source values.
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4.2 Calibration of radon monitors

Two Alphaguards with calibration error of + 3% (see Appendix B) were exposed to a 22?Rn
atmosphere for a period of 40 days, to determine their proximity to the 2?2Rn standard source
calibration curve values. According to Figure 4.3, the two Alphaguards under test were not
fluctuating a lot and behaved similarly to the calibration curve of the 2?2Rn standard. As seen
from Table 4.2 (grey color) and Figure 4.3, as the days go by, a huge difference is seen between
the calibration curve and monitors under test from day 10. For Alphaguard AG2260 an average
activity difference of 1.20 kBg/m? exist, while for AG2261 an average activity of 1.01 kBg/m?
exist in comparison to the calibration curve as seen in Table 4.2 (orange color). Therefore, there
was a need for Alphaguards to be adjusted to get accurate results, if they were to be taken for
environmental monitoring of radon and its progenies. Starting from day 12, it was seen that
222Rn began the process of stabilization.
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Table 4.2: Response of radon monitors to the calibration curve.

_ Experimental Radon standard Experimental values of
Period values of AG2260 | source values AGp2261 KBa/m?
(Days) | (KBg/m?) (kBg/m?) (kBa/m’)
1 0.22 0.64 0.30
2 0.76 1.18 0.95
3 1.16 1.62 1.37
4 1.43 2.00 1.65
5 1.65 2.31 1.84
6 1.81 2.57 2.02
7 1.98 2.78 2.18
8 2.03 2.96 2.22
9 2.09 3.11 2.30
10 2.20 3.24 2.40
11 2.27 3.35 2.46
12 2.30 3.43 2.50
13 2.35 351 2.55
14 2.38 3.57 2.58
15 2.28 3.62 2.45
16 2.37 3.66 2.56
17 2.42 3.70 2.61
18 2.47 3.73 2.64
19 2.45 3.75 2.65
20 2.45 3.77 2.64
21 2.46 3.79 2.66
22 2.47 3.80 2.69
23 2.52 3.81 2.72
24 2.52 3.82 2.72
25 2.52 3.83 2.70
26 2.51 3.84 2.70
27 2.50 3.85 2.70
28 2.49 3.85 2.71
29 2.45 3.85 2.61
30 2.40 3.86 2.61
31 2.36 3.86 2.55
32 2.38 3.86 2.59
33 2.32 3.87 2.52
34 2.35 3.87 2.53
35 2.31 3.87 2.51
36 2.33 3.87 2.51
37 2.31 3.87 2.51
38 2.34 3.87 2.50
39 2.39 3.87 2.56
40 2.36 3.87 2.55
Average
difference | 1.20 1.01
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Figure 4.3: Calibration curve and radon monitors.
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Table 4.3: Determination of calibrated values from experimental and radon standard values
(Chapter 3, Section 3.7, Equation 3.1).

Time (Days) Experiment | Experiment Calibrate | Calibrated
al  values |al  values d AG2261
AG2260 AG2261 AG2260 | values
(kBg/m®) (kBg/m?) values (kBg/md)

(kBg/md)

1 0.22 0.3 0.35 0.42

2 0.76 0.95 1.18 1.35

3 1.16 1.37 1.8 1.94

4 1.43 1.65 2.21 2.34

5 1.65 1.84 2.54 2.61

6 1.81 2.02 2.79 2.87

7 1.98 2.18 3.06 31

8 2.03 2.22 314 3.15

9 2.09 2.3 324 3.27

10 2.2 2.4 34 341

11 2.27 2.46 351 3.49

12 2.3 2.5 3.55 3.54

13 2.35 2.55 3.64 3.62

14 2.38 2.58 3.68 3.66

15 2.28 2.45 3.52 3.48

16 2.37 2.56 3.67 3.63

17 242 2.61 3.74 3.7

18 247 2.64 3.81 3.75

19 2.45 2.65 3.79 3.77

20 2.45 2.64 3.79 3.74

21 2.46 2.66 3.81 3.77

22 247 2.69 3.82 3.82

23 2.52 2.72 3.9 3.86

24 2.52 2.72 3.89 3.86

66



25 2.52 2.7 3.89 3.84
26 2.51 2.7 3.88 3.84
27 25 2.7 3.86 3.83
28 2.49 2.71 3.84 3.85
29 2.45 2.61 3.78 3.71
30 2.4 2.61 3.71 3.7
31 2.36 2.55 3.65 3.62
32 2.38 2.59 3.68 3.68
33 2.32 2.52 3.59 3.57
34 2.35 2.53 3.63 3.59
35 231 2.51 3.57 3.57
36 2.33 251 3.61 3.56
37 231 2.51 3.57 3.57
38 2.34 25 3.62 3.54
39 2.39 2.56 3.69 3.64
40 2.36 2.55 3.64 3.61
Calibration factor 1.55 1.42
values

Average 2.184 2.3755 3.376 3.371
Standard deviation 0.489 0.499 0.755 0.709

To be able to relate measurements results from both Alphaguards, to become traceable or in
alignment to the calibration curve, a calibration factor was supposed to be determined. Equation
3.1 from Chapter 3, Section 3.7, was used and a calibration factor was obtained for AG2260
and AG2261 as 1.55 and 1.42, respectively. Figure 4.4 and Figure 4.5 show the proximity of
AG2260 and AG2261 to the calibration curve after the application of the calibration factor.
Therefore, this means that all measurement done with both the Alphaguards were to be
multiplied by the calibration factors obtained to be accurate according to the traceable radon
standard source used. Measuring instruments have errors that can be due to faultiness in their
data handling, environmental factors such as noise, strong winds and vibrations. A dip seen in
Figure 4.4 and 4.5, day 15 is due to increase in the air pressure, that decreases the radon

measurement, indicating possible radon leakage.
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Figure 4.4: Results for calibration factor application.
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Figure 4.5: Proximity of adjusted Alphaguards values to the calibration curve.

Starting from day 28, after the activity of 22Rn had stabilized, there seemed to be a loss of
222Rn activity. A stable 2?2Rn activity concentration for a period of 14 days, beginning from
day 17 to day 28 was observed. The designed chamber was able to reach the stability of 2?Rn
activity concentration in 17 days at an Alphaguard airflow speed of 0.3 I/min. From day 3 to
day 14 the activity of 22Rn was above the calibration curve before being in alignment or near
to the calibration curve. Uncertainties or high values of deviations in this chamber are due to a
non-uniform radon atmosphere within the chamber. Therefore, a fan at a constant speed is
needed in the chamber, to keep the radon atmosphere constant. Without the fan, radon

atmosphere is constant for few days in the chamber.
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4.3 Behavior of environmental conditions of the radon chamber

The environmental parameters of the designed chamber are essential in calibration of radon
monitors, as some radon monitors are affected and not operational in harsh environmental
conditions. For instance, the Alphaguard operates at a temperature range of -10°C to 50°C,
relative humidity of 0% to 95% and air pressure of 700 mbar to 1100 mbar. The environmental
parameters as seen in Table 4.4 slightly changed by a difference not less than the value of 5.
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Table 4.4: The behaviour of environmental parameters in the radon chamber for a period of 40

days.
Time (Days) Temperature (°C) Relative  air | Relative Radon
pressure humidity (%) | activity
(mbar) (Bg/m®)
1 21.92 882.08 49.63 298.9
2 21.7 881.17 61.8 948.17
3 21.63 882.67 67.12 1368.67
4 21.98 880.92 69.77 1651.67
5 23.08 878.09 71.42 1840.33
6 22.3 873.28 74.44 2021
7 21.29 874.03 76.17 2182
8 26 877.86 74.4 2215.33
9 27.36 877.26 76.27 2301.33
10 26.3 876.06 79.27 2404
1 25.31 874.89 79.96 2455.33
12 26.14 877.48 79.48 2496.67
13 24.25 879.58 82.02 2546.67
14 2291 877.08 82.42 2578
15 27.68 877.19 79 2452
16 23.63 877.62 83.98 2557.33
17 21.65 880.43 84.19 2605.33
18 19.8 885.1 84.23 2642.67
19 20.07 887.63 83.65 2652.67
20 21.65 888.14 82.6 2637.33
21 22.38 886.07 82.81 2658
22 22.44 883.83 82.98 2689.33
23 21.62 882.84 83.77 2715.33
24 2151 881.49 83.67 2716.67
25 21.42 880.75 83.65 2703.33
26 22.34 881.04 82.92 2701.33
27 24.35 880.34 82.31 2695.33
28 235 878.87 83.33 2710.67
29 26.03 880.85 81.65 2612
30 26.56 882.41 82.19 2606.67
31 27.44 881.35 81.98 2552
32 25 877.16 84.1 2592
33 27.3 878.29 81.48 2515.33
34 26.32 881.15 83.13 2527.33
35 27.3 881.81 82.08 2511.33
36 26.8 880.12 82.6 2508.67
37 26.7 880.82 83.04 2513.33
38 26.8 883.77 82.69 2496.67
39 23.42 883.71 84.75 2563.33
40 24.26 882.41 82.79 2546
Minimum 19.8 873.28 49.63 298.9
Maximum 27.68 888.14 84.75 2716.67
Average 24.00 880.44 79.49 2374.75
Standard 2.33 3.34 6.97 499.28
Deviation
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In Figure 4.6, it is seen that there is a relationship between humidity and 222Rn, that as humidity
increased 2%2Rn also increased until day 15. The environmental conditions throughout the
period of 40 days were constant, the increase and decrease of radon was not affected by

environmental parameters.
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Figure 4.6: Behaviour of environmental parameters at airflow rate of 0.3 L/min in the radon
chamber.

4.4 Radon chamber operation without Alphapump

The Alphapump was turned off to evaluate the behavior of radon and environmental parameters
at steady conditions by a radon monitor, as shown in Table 4.5 and Figure 4.7.
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Table 4.5: Environmental parameters after 40 days.

Time (Days) Radon Temperature(°C) Relative Relative
activity humidity (%) | air
(Bg/m®) pressure
(mbar)
1 502.96 19.45 64.81 880.38
2 838.04 19.37 65.71 880.33
3 1328.96 19.31 66.4 880.29
4 1551.17 19.25 66.94 880.21
5 1811.96 19.21 67.4 880.17
6 2306.79 19.18 67.77 880.13
7 2734.33 19.17 68.1 880.08
8 2689.83 19.16 68.38 880.04
9 2903.63 19.17 68.63 880.04
10 2833.33 19.18 68.83 880.04
1 3000.17 19.21 69.02 880
12 3124.83 19.24 69.19 879.96
13 3379.83 19.27 69.35 879.92
14 3316.67 19.31 69.5 879.88
15 3497.04 19.34 69.63 879.88
16 3446.92 19.38 69.75 879.83
17 3083.92 19.41 69.88 879.83
18 3214.29 19.43 69.98 879.83
19 3023.29 19.44 70.1 879.79
20 2886.58 19.46 70.23 879.79
21 3389.25 19.49 70.31 879.75
22 3256.29 19.52 70.38 879.71
23 3519.58 19.55 70.46 879.71
24 3637.38 19.57 70.54 879.71
25 3336.08 19.58 70.63 879.71
26 3280.79 19.59 70.71 879.71
27 3770.54 19.6 70.79 879.75
28 3514.13 19.61 70.88 879.79
29 3327.08 19.61 70.96 879.83
30 2907.08 19.61 71.04 879.88
31 2923.58 19.61 71.13 879.92
32 3441.33 19.61 71.21 879.96
33 3220.04 19.61 71.29 879.96
34 3195.54 19.6 71.38 879.96
35 3590.92 19.59 71.44 880
36 3569.71 19.59 71.52 880.04
37 4022.46 19.58 71.58 880.08
38 3820.46 19.56 71.65 880.13
39 3075.83 19.55 71.73 880.17
40 3264 22.13 63.63 880.21
Min 502.96 19.16 63.63 879.71
Max 4022.46 22.13 71.73 880.38
Average 2988.42 19.50 69.57 879.96
Standard deviation 766.13 0.45 1.93 0.18
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Figure 4.7: Environmental conditions in a steady chamber.

The environmental conditions in a chamber with Alphapump switched off are constant. As
seen in Table 4.5 the difference or standard deviation of the measured values in a period of 40
days was less than 2 for environmental conditions. ??Rn activity was not dependent on

environmental conditions.
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Figure 4.8: 2%2Rn behaviour without Alphapump.

The ?2?Rn measured by the Airthings Wave Plus showed that the ??Rn activity from day 15
and onwards was fluctuating as it stabilises in ranges between 2.89 kBg/m?® to 4.02 kBg/m®.
This indicated that 222Rn activity in the chamber was not uniform and would stabilise at a later
stage. Error bars are seen in Figure 4.8 obtained by adding and subtracting 25 % of each value
of radon standard over a period of days, to estimate the percentagerange that the Airthing Wave
Plus monitor fell in as compared to the reference radon standard. The percentage range of +25

%, is seen to be a good estimate, that showed that the monitor is performing well.
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4.5 Chamber validation

4.5.1 Operation
For validation of the chamber, the guideline from National Radon Safety Board was followed

which states that the temperature of the chamber must be in ranges of 18 °C to 27 °C, and
humidity must range from 20 % to 75 %, as stated in Appendix C. The results obtained as seen
on Table 4.5 show that the minimum and maximum temperature ranged from 19.16 °C to 22.13
°C and humidity ranged from 63.63 % to 71.73 %. Therefore, the chamber is within the ranges
stated by NRSB (2022) in terms of temperature and humidity. When the Alphapump was turned
on to bubble and circulate ?Rn atmosphere in the chamber, the obtained ranges for
temperature were 19.8°C to 27.68 °C, for humidity they were 49.63% to 84.75%. Therefore,
the chamber is off the range by a minimal difference of 0.68 °C for temperature and 9.75% for
humidity when compared to NRSB (2022). The percentage deviation obtained from the 2?2Rn
standard source, for Airthings Wave Plus monitor, AG2260 and AG2261 Alphaguard monitor
were £11.78 %, +35.52 % and +29.88 %, respectively. This indicates that the chamber
operates better when the Alphapump is switched off rather than when it was on as there is
probable leakage.

4.5.2 Leakage test
The leakage test was done by observing the air pressure when the Alphapump was on and when

it was off. The average air pressure when the Alphapump was on is 880.64 mbar and 879.96
mbar when it was off as determined in Table 4.4 and Table 4.5. The difference between when
the Alphapump was on and off is 0.48 mbar in a period of 40 days. This proved that the leakage
was small throughout the experiment, and the chamber needed few adjustments to be
completely airtight, such that there is no leakage. In Section 3.8 chamber leakage rate was
determined, whereby the initial radon concentration activity was 400 Bg/m?®. The background
radon activity in the laboratory was measured to be 20 Bg/m?. Using Equation 2.20, 2. 21, 2.22
and 2.23 in Section 2.8.2, the initial slope for ideal decay curve with no leakage (M) and with
leakage (ML), resulted -3.02 Bg/m® and -6.022 Bg/m?, respectively. The leakage rate A, , was
calculated to be 0.0079 Bg/m*hr! (Abo-Elmagd, 2014). A graphical depiction of the
determination of radon leakage rate from the chamber using decay curves is presented in Figure

4.9 and data for plotting the graph in Appendix D.
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Figure 4.9: Radon decay curves for ideal chamber (no leakage) and real chamber (with
leakage - measured).

4.6 Mitigation strategy to reduce radon build-up in the room due to chamber leakage

In the course of the study, it was observed that there was a leakage from the radon chamber to
the room. The windows and door of the laboratory were opened to allow cross ventilation and
circulation of air between the laboratory and its surroundings, thereby reducing the 222Rn
concentration in the laboratory. Table 4.6 shows the reduction of radon activity concentration
when one of the mitigation strategies of 22Rn reduction has been applied. From day one to day
ten, there was a significant decrease of radon activity, the difference as seen in row 1 column
3 is 0.93367 kBg/m®. The average ???Rn activity concentration was 0.2779 kBg/m?® and the
deviation from the average was 0.4742 kBg/m?. From the first to the second day, it is seen on
Table 4.6 and Figure 4.10 that 1.5820 kBg/m?3 reduced to 0.6483 kBg/m?3. This means that the
ventilation strategy for radon reduction method applied was successful, as radon level in the

workplace must be below 1000 Bg/m? for occupational radiation protection.
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Table 4.6: Reduction of radon in a room.

Change in ?2Rn concentration
Time (Days) 222Rn (kBg/m?®) | (kBg/m®)
1 1.582 0.93367
2 0.6483 0.37063
3 0.2777 0.1541
4 0.1236 0.06183
5 0.0618 0.03049
6 0.0313 0.01087
7 0.0204 0.007
8 0.0134 0.00291
9 0.0105 0.00044
10 0.0101 0.0005
Average 0.2779 0.1572
Standard deviation | 0.4742 0.2812
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Figure 4.10 shows 2?Rn activity concentration has been minimised to the lowest activity
concentration as possible in the laboratory during the removal of Alphaguard monitors for data
collection after forty days. From day six to day ten, there was stability of the 222Rn activity in
the laboratory and a gradual, slight decrease of the activity was also observed. From day one

to day four there was an exponential decrease of the 222Rn activity concentration.

1.8
1.6
1.4

1.2

0.8

222Rn (kBg/m?)

0.6

0.4

0.2

1 2 3 4 5 6 7 8 9 10
Time (Days)

Figure 4.10: Reduction of 22Rn concentration in the laboratory within in 10 days.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The radon chamber is important in housing the reference radon atmosphere for calibration of
devices under test. The radon chamber wall was made of 6x10°m thick sheets of perspex
materials. Six perspex sheets were joined together to form a rectangular box of volume 0.5 m?
with dimensions of 0.8 m (length) x 1 m (breadth) x 0.6 m (height). The radon chamber
included tools such as the Alphapump, two Alphaguard, Airthing Wave Plus monitor, EB85

liquid radium standard solution and electrical wires.

The objectives of the study were achieved:

e radon monitors were calibrated by exposing them to a radon atmosphere,
e environmental parameters were measured,
e amethod to measure radon leakage was devised,

e aradon mitigation strategy to reduce radon in a laboratory was applied.

A radon atmosphere was created by a radon generation system, which bubbled out radon gas
from the EBS85 liquid radium standard solution of activity 1.86 kBg/m®. To determine its
accumulation over a period of 40 days in the chamber, it was divided by the volume of the

chamber, to estimate its concentration.

The Alphaguard AG2260 and AG2261 were first exposed to the radon atmosphere, for a period
of 40 days and recorded radon activities ranging from 0.225 kBg/m?® to 2.521 kBg/m?® for
Alphaguard AG2260, and 0.299 kBg/m? to 2.717 kBg/m?® for AG2261. The theoretical radon
atmosphere ranged from 0.641 kBg/m?3 to 3.872 kBg/m3. A theoretical calibration curve was
obtained through modelling the radon activity over a period of 40 days in Chapter 4 Section
4.1. Bateman’s equation was used to calibrate radon monitors and to determine the percentage

of deviation.

For Alphaguard AG2260, an average difference of 1.20 kBg/m?® was determined, while for
AG2261 an average of 1.01 kBg/m?® was determined in comparison to the calibration curve. To
align to the calibration curve, calibration factors were obtained for AG2260 and AG2261 as

1.55 kBg/m® and 1.42 kBg/m®, respectively. According to the results, calibration factors
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obtained must be applied if there is environmental monitoring, so that the results can be

traceable to the standard used.

The temperature observed during the experiment ranged from 19.8 °C to 27.68 °C and relative
humidity ranged from 49.63 % to 84.75 %. An observation of the performance of the chamber
for validation in terms of environmental conditions of the chamber by comparison to United
States National Radon Safety Board (NRSB) to compare the environmental parameters, the
temperature must range from 18 °C to 27 °C and humidity from 20 % to 75 % (NRSB, 2012).
The designed chamber is in minimal difference to the United States national radon safety board
criteria. When the Alphapump was not operational in the chamber, the designed chamber is in
the ranges set by the NRSB (2022).

5.2 Recommendations

In a future study, a recently calibrated Alphaguard radon monitor should be used as a reference
standard, together with a solid ??°Ra standard. This would enhance the accuracy or precision
of the instruments to be calibrated. Furthermore, the chamber should be equiped with fans to
make the 2??Rn activity homogenous in the chamber, stanless steel sheet will be considered as
encasing material. Figure 5.1 illustrates the desired future plans for the project on a smaller
scale.

RN
STANDAR
D)

SOURCE

Figure 5.1: Prototype 2D schematic design of the radon calibration system.
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APPENDICES
Appendix A: Reference standard

WA Czech Metrology Institute

Okruni 31, 638 00 Brno, Czech Republic
phone +420 545 555 111

www.cmi.cz

Workplace: Regional Inspectorate Prague, Radiova 1136/3, 102 00 Praha 10
Department of Radionuclide Standards Production, Radiova 1288/1a
phone +420 266 020 460

CERTIFICATE

of the measurement standard of activity

Certificate No.:  1035-5E-40645-21  Type: EB85  Serial No.. 160921-221321
Radionuclide:  Ra-226 Half life: 1600 (7) years

Specific activity of Ra-226: 3690 (22) Bq /g Mass of the solution: 5,040 (1) g
Activity of Ra-226: 1860 (11) Bq

Radionuclide impurities: -
Reference date: 20.10.2021

Description:

The measurement standard is in the form of a radioactive solution in a 5 ml glass ampoule.

The activity of the measurement standard is calculated from the mass and specific activity of the
standardized solution.

Metrological abili
The declared Ra-226 activity is traceable to CMI Measurement Standards of Ra-226 activity.

Chemical composition:

Carrier solution consists of 1 g BaCI2/1 + 10 g HCI/1in distilled water,

Note:
1 g Ra-226 = 3,658E10 Bq
Ria-226 activity was determined by ionization chamber.

Date of the certificate issuc: 4,10.2021 Certificate validity period: 3 years
Customer: e
CARST ""‘ Dominika Sos

S Head
Private Bag X2046 9& aa,;ls't m::::; uu
2745 Mmabatho (‘f 1 SI‘ ) g shue /
South Africa Vladxmir Sochor

2 Olray, Deputy Director of RI Prague

Checked by: Renata Obramva
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Appendix B: Alphaguard manual

12. Technical DATA

12.1. Basic functions PQ2000

Type of radon detector

Mode of operation

Total detector volume

Active detector volume

Type of Rn-FP filter (detector entry window)

Detector filling mechanism

Transient response function (time delay)
{TRENDMODE OFF)

Detector signal acquisition

Spectral signal extraction

Detector efficiency

Background signal due to internal detector
contamination

Range of radon concentrations (Rn-222)

- Lower limit

- Upper limit

Resolution on LCD display

Fold back protection

System linearity error
Instrument calibration error (Rn-222)

Measurement modes and cycles

Data capacity (non-volatile)

Operation from internal battery

Power Consumption

- Charging mode (LED: red)

- Trickle charging mode (LED: green)

- Battery operation (LED: flashing red/green)
Weight (incl. Intemal Pb-accumulator)

| System operating range
- Temperature
- Atmospheric pressure
- Humidity (non-condensing)

Ionization chamber, HV = 750 VDC
3D-alpha spectroscopy a n d current mode
0,62 liter (38 cubic inches)

0,56 liter (34 cubic inches)

Glass fiber filter
(retention coefficient >99,9 %)

Design-optimized for fast passive diffusion

Signal > 30 % after 10 min

Signal > 70 % after 20 min

Signal > 90 % after 30 min

fast digital signal sampling network, using three
separate ADC-channels
DSP (Digital Signal Processing), on-line-cross
correlation algorithms
1 CPM at 20 Bg/m? (or at 0,55 pCi/l)

< 1 Bg/m3 (0.03 pCi/l)

2 Bg/m? (<0.05 pQi/l)
2.000.000 Bg/m? (54 000 pCy/T)
1 Bg/m? (0.01 pCi/1)
> 10.000.000 Bq/m3 (> 300 000 pCi/l) verified

< 3% within total range
+ 3%
(plus uncertainty of the primary standard)
Diffusion mode: 10 min or 60 min
(user selectable)

~ 3.400 measurement points
~ 21 days at 10 min measuring cycle
~ 4 months at 60 min measuring cycle

10 days

640 mA (7,7 W)
160 mA (1,92 W)
12 mA (0,072 W)

4,5 kg (10 Ibs)

-10°C ... + 50°C (+14 ...+122° F)
700 mbar ... 1100 mbar
0% rH ... 95 % rH

Saphymo GmbMH

08/2012
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Appendix C: Radon chamber accreditation policy

Document: Chamber Accreditation
(onal Radon Safety Bog, Date first issued: 5/1/1999

G (4 Version#: 010120
NRSB s

Certified Radon Professionals

Radon Chamber Accreditation Policy

3.34 The chamber design must show how exposure of personnel to radon leakage from the

chamber in the immediate vicinity of the chamber or from the exhaust air is avoided.

3.3.5 The chamber design must show how the exhaust air from the radon chamber is diluted.

Exhaust vented outdoors should avoid radon reentry to the indoors.
34  Chamber Environmental Conditions

34.1 The chamber must demonstrate consistent, homogeneous, and well defined

concentrations of radon inside for a period of time sufficient for the type of test being
conducted.

342 A secondary chamber must have control of environmental conditions to test the effects of

temperature and humidity that may affect the performance of instruments and devices.

343 The chamber must demonstrate the capability of maintaining a stable temperature
between 18 - 27 ° C (64 — 80°F) and relative humidity values between 20 — 75 % for the

duration of an exposure period.
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Appendix D: Data plot for radon leakage

Time(hr) | Radon Concentration with Radon
leakage (Bg/m?3) concentration
without leakage
(Ideal) (Bg/m3)
1 400 396.991371862815
2 302 394.005373333799
3 284 391.041834202763
4 336 388.100585539766
5 304 385.181459685484
6 300 382.284290241654
7 342 379.408912061592
8 304 376.555161240773
9 336 373.722875107495
10 294 370.9118922136
11 326 368.122052325273
12 304 365.353196413913
13 352 362.605166647059
14 300 359.877806379401
15 304 357.170960143848
16 284 354.484473642662
17 330 351.81819373867
18 260 349.171968446531
19 318 346.545646924069
20 274 343.939079463682
21 282 341.352117483802
22 304 338.784613520428
23 278 336.236421218721
24 286 333.707395324658
25 292 331.197391676757
26 294 328.706267197854
27 312 326.233879886952
28 274 323.780088811125
29 280 321.344754097481
30 298 318.927736925195
31 278 316.52889951759
32 290 314.148105134288
33 296 311.785218063412
34 280 309.440103613852
35 272 307.112628107586
36 262 304.802658872063
37 278 302.510064232634
38 280 300.234713505054
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39 258 297.976476988026
40 262 295.735225955813
41 274 293.510832650894
42 252 291.303170276689
43 266 289.112112990324
44 258 286.937535895465
45 272 284.779315035191
46 266 282.637327384933
47 220 280.51145084546

48 270 278.401564235919
49 222 276.307547286928
50 272 274.229280633717
51 250 272.166645809331
52 242 270.119525237867
53 234 268.087802227783
54 234 266.071360965236
55 252 264.070086507488
56 262 262.08386477635

57 250 260.112582551679
58 226 258.156127464927
59 260 256.214387992732
60 202 254.287253450566
61 226 252.374613986418
62 228 250.476360574541
63 216 248.592385009231
64 228 246.722579898659
65 196 244.866838658754
66 224 243.025055507123
67 196 241.197125457023
68 204 239.382944311378
69 185 237.582408656834
70 212 235.795415857871
71 202 234.021864050948
72 226 232.261652138697
73 173 230.514679784163
74 208 228.780847405081
75 174 227.060056168201
76 210 225.352207983655
77 173 223.657205499364
78 202 221.97495209549

79 206 220.305351878928
80 158 218.648309677839
81 180 217.003731036227
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82 181 215.371522208553
83 190 213.75159015439
84 162 212.143842533124
85 182 210.548187698684
86 192 208.964534694325
87 179 207.392793247437
88 177 205.832873764403
89 168 204.28468732549
90 171 202.748145679781
91 163 201.223161240145
92 154 199.709647078244
93 156 198.207516919577
94 166 196.716685138562
95 190 195.237066753658
96 150 193.768577422516
97 137 192.311133437177
98 150 190.864651719294
99 166 189.429049815402
100 152 188.004245892215
101 140 186.590158731961
102 148 185.186707727754
103 133 183.793812878998
104 160 182.411394786827
105 136 181.03937464958
106 137 179.677674258307
107 126 178.326215992313
108 121 176.984922814733
109 140 175.653718268138
110 147 174.332526470181
111 149 173.021272109269
112 131 171.71988044027
113 93 170.428277280253
114 105 169.14638900426
115 127 167.874142541106
116 87 166.611465369219
117 123 165.3582855125
118 127 164.114531536226
119 134 162.880132542974
120 119 161.655018168581
121 103 160.439118578133
122 113 159.232364461984
123 138 158.034687031807
124 108 156.846018016669
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125 102 155.666289659143
126 102 154.495434711444
127 120 153.333386431595
128 109 152.180078579625
129 118 151.035445413791
130 94 149.89942168683
131 108 148.771942642243
132 89 147.6529440106
133 108 146.542362005879
134 101 145.440133321828
135 84 144.346195128358
136 86 143.260485067961
137 96 142.182941252155
138 94 141.113502257957
139 114 140.052107124382
140 69 138.998695348966
141 102 137.953206884319
142 103 136.915582134701
143 84 135.885761952627
144 95 134.863687635493
145 83 133.849300922231
146 74 132.842543989988
147 80 131.84335945083
148 71 130.851690348468
149 82 129.867480155016
150 72 128.890672767767
151 81 127.921212505992
152 80 126.959044107771
153 74 126.004112726839
154 62 125.056363929462
155 56.5 124.115743691331
156 69 123.182198394487
157 68 122.255674824262
158 495 121.336120166245
159 56.5 120.423482003273
160 46.5 119.517708312441
161 56.5 118.618747462139
162 74 117.726548209108
163 60 116.841059695519
164 62 115.962231446073
165 51 115.090013365124
166 45 114.224355733826
167 55.5 113.365209207294
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168 56.5 112.512524811797
169 52.5 111.666253941961
170 63 110.826348358001
171 60 109.992760182972
172 39.5 109.16544190004

173 43.5 108.344346349768
174 50.5 107.529426727436
175 38 106.720636580367
176 70 105.917929805282
177 46 105.12126064567

178 56 104.330583689183
179 70 103.545853865042
180 60 102.767026441474
181 25.5 101.994057023157
182 47 101.226901548694
183 36 100.465516288095
184 49.5 99.7098578402919
185 36 98.9598831306593
186 24.5 98.2155494085606
187 38 97.4768142449113
188 49 96.7436355297603
189 24 96.0159714698892
190 29.5 95.2937805864305
191 8 94.5770217125028
192 32.5 93.8656539908642
193 29.5 93.1596368715837
194 39.5 92.4589301097292
195 445 91.7634937630737
196 21 91.0732881898187
197 16.5 90.388274046334

198 20 89.7084122849155
199 20 89.033664151559

200 25.5 88.3639911837513
201 22.5 87.6993552082777
202 25.5 87.0397183390461
203 28.5 86.3850429749273
204 28 85.7352917976115
205 25 85.0904277694813
206 18.5 84.4504141315003
207 13 83.8152144011179
208 19.5 83.1847923701893
209 18.5 82.5591121029122
210 12 81.9381379337775
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211 30 81.3218344655372
212 14.5 80.7101665671859
213 8 80.1030993719585
214 2 79.500598275343

215 28 78.9026289331073
216 8 78.3091572593422
217 16.5 77.7201494245179
218 9 77.1355718535558
219 17.5 76.5553912239146
220 5.5 75.9795744636909
221 115 75.4080887497338
222 24.5 74.8409015057743
223 10 74.2779804005678
224 0.5 73.7192933460517
225 11 73.1648084955158
226 3.5 72.6144942417874
227 9.5 72.0683192154291
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