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Abstract

This thesis presents a research project conducted at Medusa Radiometrics, a company
producing specialised 7-spectrometers for geophysics. These spectrometers are used as
survey tools to determine concentrations of naturally occurring radionuclides, including
40K, 232Th, and 238U, in soil. The concentrations of these radionuclides serve as predictors
of other soil qualities, such as sediment texture, nutrient content and more. The presence
of 222Rn, a radioactive noble gas originating from the decay chain of 23U, in the
atmosphere can lead to erroneous measurements of elevated 2**U concentrations in the soil
due to the similar y-ray emissions. This research focused on developing a novel method
using a split y-ray detector with directional sensitivity to distinguish atmospheric ?22Rn
from 2**U in the ground. The directional dependence was characterized by assessing the
detector’s response at various angles, approximating the change with a cosine function,
which turned out to be a good approximation. The method’s effectiveness was evaluated
by comparing its ?2Rn and 238U measurements with those from the Lutjewad atmospheric
measurement station. The results showed that the U concentration determined by this
method was nearly independent of atmospheric 2?2Rn concentration.  Although the
measured ?22Rn concentration was higher than that of Lutjewad, the two concentrations
were correlated with a correlation coefficient of »r = 0.64, data smoothing was able to
improve this to r = 0.88.
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Chapter 1

Introduction

1.1 Medusa Radiometrics

This thesis documents a research project conducted on behalf of Medusa Radiometrics, a
leading company specializing in the manufacturing of ~-ray spectrometers and
complementary analysis software. Medusa originated as a spin-off from the nuclear physics
lab of the University of Groningen. These tools find wide-ranging applications in diverse
fields such as mining, agriculture, soil mapping, nuclear research, and radiation safety [1].

1.2 (Geophysical y-ray surveys

Gamma-ray spectrometers are extensively utilized in geophysics to map the concentrations
of naturally occurring radionuclides, specifically “°K, 233U, and 23?Th, in the environment
[2]. The radionuclide concentrations serve as proxies for sediment composition [3][4][5],
non-radioactive contamination [6][7], and soil texture [8][9]. These applications enable
studies in mineral exploration [10][2], precision agriculture, and the distribution of
non-radioactive contaminants in the environment.

The continuous decay of naturally present radionuclides in the ground emits a steady flux
of ~ radiation, which is captured and analysed by spectrometers during geophysical
surveys. Such surveys involve moving the spectrometer across the area of interest to record
the radiation [2]. This non-intrusive approach allows for the assessment of spatial
variations in radionuclide distribution.

Gamma-ray surveys can be conducted from various platforms, including airborne,
UAV-borne (unmanned aerial vehicle), ground-based, and underwater. Airborne surveys
employ spectrometers mounted on small aircraft or helicopters, offering broad coverage but
lower spatial resolution. UAV-borne surveys, similar to airborne surveys, involve the use of
UAVs as platforms for conducting y-ray surveys. In UAV-borne surveys, the UAV flies at
lower altitudes and is equipped with smaller detectors compared to traditional airborne
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surveys. Ground-based surveys involve walking or driving with the spectrometer, capturing
smaller areas with higher spatial resolution. Underwater surveys employ water-tight
housings for spectrometers, which are dragged along the bottom of seas, lakes, or rivers.
Each implementation has its own scale and resolution, with airborne surveys covering
larger areas at a relatively lower spatial resolution and ground-based surveys providing
finer details within smaller areas. The utilization of UAV-borne platforms bridges the gap
between ground-based and airborne platforms, offering an intermediate level of spatial
resolution and survey coverage [11].

1.3 Radon presence in geophysical surveys

Radon, specifically ???Rn, is a noble gas that originates in the ground as part of the 23U
decay chain. With a half-life of 3.81 days [12] and chemical inertness, it can escape from
the ground into the atmosphere where it undergoes radioactive decay. The emitted ~y-rays
from 222Rn and its decay products exhibit similar characteristics to those of 23%U.
Consequently, the presence of atmospheric ?*?Rn can lead to erroneous measurements of
elevated 2**U concentrations.

Many methods exist for correcting the presence of ??Rn during geophysical surveys, with
most of them being designed for airborne geophysical surveys. In the work of S. van der
Veeke [11], two new radon-correction methods are proposed specifically for UAV-borne
geophysical surveys. One of these methods involves the use of a split y-ray spectrometer,
made with a scintillation crystal that is split into two halves. One half faces the sky while
the other faces the ground. Leveraging its directional sensitivity, this detector can
potentially distinguish between radiation originating from atmospheric ?*?Rn and ?*U in
the ground.

1.4 Aim and Content of the thesis

A prototype of the split y-ray spectrometer was constructed by Medusa Radiometrics. The
purpose of this research is to assess and characterize the performance of this detector and
evaluate its suitability as a method for radon correction in geophysical surveys.

The main research question of this thesis is: Can the split detector be used to correct for
the presence of 2Rn during geophysical surveys?

1. How should the split detector be calibrated, such that it is capable of measuring the
concentrations of ??2Rn, 2**U and other radionuclides?

2. What is the effect of rotations on the output of the split detector?
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3. Is the split detector capable of determining the atmospheric ?*Rn concentration?
4. Does the corrected 2*®U signal depend on the atmospheric 222Rn concentration?

In Chapter [2] a brief explanation of the theoretical background related to radioactive decay,
naturally occurring radiation, ~«-ray detection, and spectrum analysis is provided, along
with an overview of the simulation technique used in this research. Chapter 3| focuses on
the influence of ?*?Rn on 7-ray surveys, the methods used to correct for its presence, and
the underlying theory behind these methods. The design and calibration procedure of the
split y-ray detector, along with a brief investigation of the calibration setup at Medusa
Radiometrics, are detailed in Chapter [dl Chapter [5] explores the directional sensitivity of
the detector by studying its response when oriented at various angles. In Chapter [0 the
effectiveness of the split detector in filtering out *Rn signal is examined through a stationary
measurement, comparing the ?Rn and 2*8U measurements with the split detector with an
independent ???Rn measurement. Finally, Chapter [7| summarizes the key findings of the
research.



Chapter 2

Background information

2.1 Introduction

This chapter intends to acquaint the reader with the physics and technology relevant to
~v-ray spectrometry and geophysical surveys in the context of this research.  The
fundamentals of radioactive decay are explained in Section 2.2] Section elucidates the
naturally occurring radionuclides that are pertinent to +-ray spectrometry and their decay
processes. The interaction between 7-radiation and matter is expounded in Section [2.4]
followed by Section [2.5, which delves into the detection of ~-rays, particularly by the
detectors employed in geophysics. Subsequently, Section [2.6] outlines the analysis of ~-ray
spectra. Lastly, Section provides a concise explanation of the Monte Carlo simulations
conducted for this research.

2.2 Radioactive decay

All matter is made out of atoms, consisting of electrons and a nucleus. The nucleus
consists of protons and neutrons. The number of protons (Z) determines the chemical
properties of an atom, and its position on the periodic table. The number of neutrons(V)
does not influence the chemical properties of an atom, but it does affect the mass. A
nuclide is an atom that can be specified by its chemical and its mass number (the number
of protons plus the number of neutrons A = Z + N). An example would be ?**U where U
indicates the element Uranium (Z=92) and 238 the mass number.

Nuclides can be either stable or unstable, depending on the specific combination of
neutrons and protons. Unstable nuclides are called radionuclides and can spontaneously
decay into a different (radio)nuclide and emit radiation. The original radionuclide is called
the parent and the decay product the daughter. If the daughter nuclide is still unstable, it
will decay again, this will go on until a stable configuration of protons and neutrons is
reached. This is called a decay chain.



Background information 2.3 Radioactivity in nature

The three main types of decay that occur are «a-, (-, or ~-decay. In a-decay, a
parent-nucleus is split into 2 parts, one daughter nucleus and one a-particle which is a *He
nucleus. [-decay occurs in either 5~ or ST decay, in which the parent nucleus emits an
electron or positron (so called [S-rays), respectively. The daughter nucleus will have the
number of protons Z go up by one in case of 5~ and down in case of f*. The atomic mass
number A stays the same in ($-decay. In ~-decay, high energy photons are emitted. After
an a- or [-decay, the daughter nucleus is often left in an excited state. The daughter
nucleus then decays to a lower excited state or its ground state, during this a highly
energetic photon (y-ray) is emitted with an energy equal to the energy difference between
the states.

The probability that a radionuclide will decay is constant in time. It is not possible to say
when a single decay will happen, but on average the number of radionuclides at a certain
time can be predicted. This can be done using the half-life (77/2) of a radionuclide, the
time it takes on average for half of the radionuclides to decay. The half-life is a measure for
the instability of a radionuclide, a shorter half-life means a more unstable nucleus. Starting
with Vg radionuclides, the total number N(¢) over time (t) is given by:

N(t) = Noe™™ (2.1)

Where A\ = % is the decay constant of the radionuclide. It is clear from equation [2.1| that

the number of radionuclides decreases exponentially over time. The number of atoms that
decay per unit time is called the activity(A) not to be confused with the mass number. It
has the unit Becquerel (Bq) which is defined as one decay per second: 1 Bq = 1/s. The
activity of a radionuclide is given by:

dN

A= 1
dt

= AN (2.2)
The activity will also exponentially decrease over time if no atoms are added, because it is
proportional to the number of radioactive atoms. In the case of a series of decays, where
the parent nuclide has a half-life that is much longer than that of its daughters, the activity
of the daughters will eventually become equal to that of the parent. This situation is called
secular equilibrium, and it occurs assuming that no nuclides are removed from the sample
through other mechanisms than decay. The rule of thumb is that it takes approximately 5
times the half-live of the daughter nucleus before the activities of parent and daughter are
equal (after five half life the daughter activity is about 97 % of the parent activity), which
means secular equilibrium is reached.

2.3 Radioactivity in nature

Radionuclides encountered in nature are of three origins: radionuclides that were present
during the formation of the earth, radionuclides that have come into the environment due
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to the efforts of humans and radionuclides produced by cosmic radiation[2].

Some radionuclides have been around since the formation of the earth, these are referred to
as primordial radionuclides. The reason they are still around after billions of years is that
their half-life is of the same order of magnitude. = The most relevant primordial
radionuclides for v-ray spectroscopy are “°K with T} o = 1.248 x 107 years and the decay
chains of ?*Th with T/, = 14.0 x 10? years and **U with T}/, = 4.463 x 10° years [13].
The reason for this is that these elements are relatively plentiful in the natural
surroundings, and that they are y-emitters or products in the decay chains are vy-emitters,
typical abundances on the earths crust of these elements range from 2-2.5 % K, 2-3 ppm U
and 8-12 ppm Th [2].

When °K decays, there is a 10.72 % chance that it decays via electron capture to *°Ar and
an 89.28 % chance that it decays via 3~ -decay to “°Ca. Both of which are stable[13]. In
the case that it decays to argon, it will emit a ~-ray with an energy of 1.461 MeV|[12]. This
is shown in Figure . It also shows a ~-ray spectrum of a pure *°K source, which is a
histogram of the number of y-rays counted by a detector per energy bin. The spectrum has
a peak around 1.46 MeV, the energy of the v-ray from the decay. The features of a ~-ray
spectrum will be explained in more detail in section [2.5.1
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Figure 2.1: The decay schemes and y-spectra of “°K (Top) and '*7Cs (Bottom). The 7-spectra were
created with Monte Carlo simulations of the split detector surrounded by bricks containing “°K or 37Cs (see

13).
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Figure 2.2: The decay-chains and y-ray spectra of 2*2Th (top) and 2**U (bottom) with the most abundant
~-ray energies of the decay chains followed by a percentage which indicates how often that ~-ray is emitted

per decay of 232Th or 23%U. The ~-spectra were created with Monte Carlo simulations of the split detector
surrounded by bricks containing 232Th or 238U (see .
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232Th and ?*®*U decay via a decay chain to the stable isotopes of lead 2°*Pb and 2°°Pb,
respectively. 232Th and ?**U do not emit any ~-rays, but some decay products in their
decay chains do. Because 7-rays of more than one energy are emitted, the v-ray spectra of
232Th and 23U, shown in Figure 2.2 have multiple peaks. These spectra of 232Th and 233U
have the underlying assumption that all radionuclides in the chain are in secular
equilibrium. In nature, thorium rarely occurs out of equilibrium. Uranium is more
commonly found out of equilibrium in nature, this happens because some daughters in the
decay chain of 38U can be selectively removed from the decay chain [2]. This can lead to
an error in the measured uranium concentration, because it is estimated based on the
v-rays emitted by 2'*Pb and 2'*Bi, which are far down the decay chain and not necessarily
in equilibrium with #%U.

Radionuclides produced by humans are called anthropogenic radionuclides. The most
important reasons they appear in nature are the fallout of nuclear bomb tests, and
accidents in the nuclear power industry |2]. The most common anthropogenic radionuclide
emitting y-rays in nature is caesium-137 (*37Cs), with a half-life of 30.04 y [13]. 37Cs
decays via 3~ decay to '3"Ba, which is accompanied by a v-ray of 0.661 MeV 85.1 % of the

time[12](see Figure [2.1)).

Radionuclides formed in the atmosphere as a result of nuclear reactions caused by cosmic
radiation are called cosmogenic radionuclides. However, they either do not emit any
~v-radiation or only appear in small quantities and are not an important source of
v-radiation in geophysical surveys|11].

2.4 The interactions of y-rays with matter

~-rays, unlike a- and [-rays, are electrically neutral and, do not continuously lose energy
as they pass through matter. Rather, they can travel a certain distance before interacting
with an atom. The penetration distance of a photon is determined by the probability of
interaction per unit distance travelled, which is dependent on the particular medium and
the energy of the photon. This probability is called the linear attenuation coefficient (u).
The attenuation per unit mass is called the mass attenuation (4/p) and is simply the linear
attenuation coefficient divided by the density of the material (p). The number of photons
that has not interacted as a function of distance travelled (z)is given by:

N = ]\/VQG_Mm (23)

Upon interaction, a photon may either be absorbed or it may experience scattering,
causing a change in its direction of travel, possibly losing energy in the process. The main
ways in which ~-rays deposit energy into a material are the photo-electric effect, Compton
scattering and pair-production.

12
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In the photo-electric effect, the energy of a v-ray is completely absorbed by an electron in
an atom. The electron is emitted from the atom with a kinetic energy equal to that of the
~v-ray minus the binding energy to the atom. This effect is the most common way for
v-rays with low energy (less than a few hundred keV) to interact, and the effect is
enhanced if the medium has high atomic number Z [14].

Compton scattering is the process in which a ~-ray scatters off an electron in such a way;,
that some of its energy is transferred to the electron. The amount of energy given to the
electron is dependent on the angle at which the y-ray scatters off the electron. This process
happens over the entire range of the y-spectrum, but for y-rays with an energy between a
few hundred keV and several MeV, this is the most prevalent interaction. The exact energy
range for which Compton scattering is the most dominant mode of interaction between
~v-ray and matter is material dependent, but most of the y-rays encountered in geophysics
fall within this range for most materials. There is not a large difference in the specific
mass-attenuation due to the Compton effect in different materials [15], which means the
linear attenuation of the Compton effect is mostly determined by the density of a material.

Pair-production is the process wherein a photon has an interaction with an atom that
produces an electron and a positron. This effect can only happen when a v-ray has an
energy of more than 1.022 MeV, the rest-mass of the electron-positron pair. The positron
will inevitably find an electron at some point and annihilate, producing 2 ~v-rays with an
energy of 0.511 MeV, travelling in opposite directions. This effect starts occurring at 1.022
MeV, and it becomes more prominent the higher the energy of the ~-ray, for very high
energies it is the dominant way for a photon to interact|15].

2.5 ~-ray detectors

~v-rays can be detected by various detectors, such as gas-filled detectors, semiconductors,
organic scintillation detectors and inorganic scintillation detectors. Gas-filled detectors
such as ionization chambers and Geiger-Mueller counters do not provide enough
information on the energy of the incoming ~v-rays to identify radionuclides. Semiconductors
have a moderate Z-value and density and come with excellent energy resolution, but are
limited in their applicability for in-situ measurements because of other factors. For
example, High Purity Germanium (HPGe) detectors are to be cooled to below 77 K. Other
semiconductors such as Cadmium Zinc Telluride (CdZnTe) detectors are limited in their
size (max: 4x4x1.5 cm), which limits the detection efficiency of the detector [11]. Organic
scintillation detectors (such as plastic scintillators) are made from materials with a low
Z-value and a density, which causes their spectra to have less structure when measuring
natural radioactivity |16].

Inorganic scintillation detectors such as Nal (Sodium Iodine), CsI (Caesium lodine) and

13
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BGO (Bismuth Germanate or BisGe3O12) are crystals with high Z-values and moderate to
high densities. They are useable at room temperature, and crystals can be made in large
enough sizes to measure natural radiation with the desired efficiency [16].

When ionising radiation interacts with a scintillator, it causes an electronic transition into
an excited state. Electrons in the excited state will decay by emitting photons, which can
then be observed. In inorganic scintillators, the energy states are determined by the crystal
lattice of the material. In insulators and semiconductors, electrons can only be in discrete
bands of energy, the lower energy band is the valence band in which electrons are bound in
place and in the higher energy band, the conduction band electrons have enough energy to
freely move around. Pure scintillation crystals are insulators, for which there is a large
energy gap between the valence band and conduction band. This gap is so large for pure
crystals that electrons transitioning from the conduction band to the valence band
typically emit a photon outside the visible spectrum. By introducing impurities into a
crystal, energy states in between the valence band and conduction band become allowed.
Electrons in the conduction band can now decay to the valence band via these intermediate
energy states. The energy gap for the electronic transitions is now smaller, and electrons
that de-excite will emit photons of a visible wavelength |14].

Scintillators ideally have a high Z-value, density and size in order to absorb a large amount
of y-rays. The scintillator should be transparent to its own emitted radiation. The
response of the scintillator should be linear with the amount of energy deposited for a large
range of energies, the decay time of the excited states should be as short as possible for fast
signal pulses. Finally, the refractive index of the scintillator should match that of the
photomultiplier or light sensor next to it for optimal photon detection [14].

Out of the inorganic scintillators, Nal crystals have the best energy resolution, but the
disadvantage of being brittle and hygroscopic, makes them less suitable for field
measurements. BGO has a very high density (p = 7.13g/cm?) and Z-value (Z(Bi) = 83),
which makes it have the largest probability per unit volume for photoelectric absorption of
any commercially available scintillation material. The light yield is relatively low, only
10-20 % of that of Nal [14]. CsI has an energy resolution that is typically slightly worse
than Nal, but it makes up for that by being less hygroscopic and more durable [14].
Furthermore, it has a higher density than Nal and caesium has a higher Z-value than
sodium, which increases the amount of photoelectric absorption of the crystal. For these
reasons, Csl is the detector material of choice for most of the Medusa Radiometrics ~-ray
spectrometers.

Reflective material is put around the scintillator crystal to trap as many photons as
possible. The light from the scintillator is picked up by a photomultiplier tube or silicon
photomultiplier, which turn the light into an electrical signal. A device called a
multichannel analyser (MCA) is then used to create a raw MCA histogram of the received
~v-radiation. By calibrating the MCA, this raw histogram can be turned into an energy

14
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spectrum.

2.5.1 The shape of y-ray spectra

~v-rays that lose all their energy in the detector will show up as a peak in the spectrum
around the full energy of the v-rays, this peak is called the photo-peak or full energy peak.
The width of the peaks depends on the resolution of the detector. The width of the peak is
measured by the Full Width at Half Maximum(FWHM), which has the unit of energy. The
resolution is given as the percentage of the width with respect to the energy of the peak,
Resolution = %. Some v-rays will lose some of their energy to Compton scattering in
the detector and then manage to escape. This is the Compton continuum in the spectrum,
which is the smooth part that fills the space between the peaks and becomes more prominent
at low energies. In the scenario that photons undergo pair-production, the positron that is
produced will meet an electron and annihilate. This produces two 0.511 MeV photons, one
or both of which can escape the detector. This can be seen in the spectrum as peaks 0.511
MeV and 1.022 MeV removed from the full energy peak, called the single and double escape
peaks respectively. In the 23?Th spectrum, the peaks with the second and third-highest
energy are due to this effect.

2.6 Gamma ray spectrum analysis

A y-ray spectrum, that is recorded in nature, is composed of v-rays originating from the
decays of mainly *°K, #*2Th, #*8U and possibly ¥"Cs. An analysis of the spectrum can
determine the amounts of radionuclides in the environment. There is more than one way to
do this analysis, but in this research a method will be used called Full Spectrum Analysis
(FSA) as described by (Hendriks et al., 2001)[16]. As the name suggests, FSA uses almost
the entire y-ray spectrum for the determination of the radionuclide amounts. This is done by
fitting the measured spectrum with standard spectra. A standard spectrum is the response
of the detector to a pure source of a radionuclide in a specified measurement geometry at
a concentration of 1 Bq/kg. Examples of standard spectra for 9K, 232Th, 23U and 3"Cs
can be seen in figures and 2.2 These standard spectra are then fitted to the measured
spectrum using the least squares procedure. The standard spectra are made using Monte
Carlo simulations that mimic the measurement geometry.

2.7 Monte Carlo Simulations

This research employs Monte-Carlo simulations to anticipate the response of a gamma-ray
spectrometer to y-rays emitted by various radionuclides in the field. These simulations are
used to calculate the standard spectra used in FSA [16] for radionuclide analysis and to
evaluate hypotheses about detector and source configurations. The Monte-Carlo simulation
samples gamma-ray photons in a specified source-detector configuration and, based on

15
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established nuclear interactions and probabilities, calculates the number of the gamma-rays
of a certain energy that reach the detector.

The uncertainty of the simulations is based on the number of y-rays that interact with the
detector. The number of simulated ~-rays generated per second is independent of the
volume of the simulation. This means that, assuming the detector size stays the same, the
rate at which photons reach the detector decreases proportionally to the size of the
simulation. In order to accurately reflect measurement situations, simulations in this
research take on a size that has a radius of up to 1.5 km. For models of that size,
simulations would have to take a tremendous amount of time to reach a reasonable amount
of uncertainty. In order to make it feasible to do these large scale simulations, variance
reduction techniques are used. Variance reduction techniques aim to increase the number
of ~-rays that reach and interact with the detector per simulated ~-ray, which is the
efficiency of the simulation.

2.7.1 Variance reduction techniques

All the Monte Carlo simulations carried out for this research were done using MCNP6"
[17]. MCNP6" offers several possibilities for variance reduction. These are the ones that
were used:

Nested DXTRAN spheres: DXTRAN (deterministic transport) spheres can be used
when a small region (such as the scintillation crystal) is being insufficiently sampled due to
a low likelihood for particles to scatter in that direction. When a DXTRAN sphere is
placed around the detector and particles outside the sphere have a collision, DXTRAN
creates a "DXTRAN particle” which is deterministically transported without collision
towards the surface of the DXTRAN sphere|l8]. The collision itself is also treated
normally, creating a non-DXTRAN particle, with no reduction in weight for the
normalisation of the simulation. The weight of the DXTRAN particle is scaled to the
probability of the original particle to end up at the DXTRAN sphere. By using multiple
DXTRAN spheres, the probability for a particle to end up in the detector becomes even
greater|11].

Cell importances: When a particle goes from a cell with an importance of 1 to a cell
with an importance of 2, MCNP splits the particle track in two, while halving the weight of
each track. When a particle goes from a cell with importance 2 to a cell with importance 1
MCNP has a 50 % chance to terminate the particle track, but the weight of the track is
doubled. Giving a cell an importance of zero terminates all particle tracks that enter that
cell, this is done on the void cell which is the outermost cell to set a boundary on the
simulation. By giving the cells close to the detector a higher importance, more of the
calculation time is spent on particles in regions where they are of more interest, a
normalisation factor based on the weights of the particle tracks is applied to ensure that
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the simulation is still representative.

Energy cut-off: Setting an energy cut-off for particles sets a lower limit on the energy for
particles. MCNP will stop the calculation for particles that reach this cut-off. This way,
less time is spent doing calculations on low energy particles which are not of interest.

Forced capture: This forces the particles inside a cell to have a collision. This can be
inside the scintillation crystals to force an event in the detector. This can also be used with
DXTRAN spheres to increases the likelihood of them triggering.

Source biasing: Setting a bias such that particles are preferentially emitted towards the
detector, can increase sampling efficiency. A correction based on the emission distribution
is applied to compensate for the fact that particles are no longer isotropically emitted like
they would be in reality.
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Chapter 3

Radon corrections

3.1 Radon

Radon, specifically the isotope 2?2Rn, is a part of the decay chain of 2*®*U. It is a noble gas,
so it does not bind chemically to the soil. The half-life of ?22Rn is 3.81 days. These
properties cause some radon to escape from soil or rock into the atmosphere, where it will
eventually decay. The daughters of 22Rn are not gasses, but will bind to aerosols and stay
in the atmosphere [19).

The radionuclides that come after ?2Rn in the 238U chain include 2!4Pb and ?'4Bi, which
are the most important y-ray emitters in the 23®U chain. The whole 238U chain emits on
average 2.197 ~-rays per decay, the chain after ?*?Rn emits 2.032. That means that most of
the ~v-rays are emitted by decays in the decay chain after radon. Figure [3.1] shows the
typical response of a detector 80 cm above the ground to 2?2Rn in the air and ?**U in the
soil. For both spectra, the activity is set at 1 Bq/kg, and it is assumed that the decay
chain is in secular equilibrium. The amount of radiation detected per Bq/kg of ?**Rn in air
and 28U in the soil is of a similar magnitude. The spectra have peaks at the same energies,
with the most prominent peaks at 0.609 MeV and 1.764 MeV. The two spectra are so
similar that the ~-ray spectrum of ?2Rn in the air is indistinguishable from that of 2**U in
the ground using current methods.

Geophysical y-ray surveys aim to characterise the concentrations of “°K, 2*2Th, 238U in the
soil. The presence of ?*?Rn in the air can lead to a mischaracterization of the 23%U
concentration in the soil, making it seem higher than it is. This is due to the similar v-ray
spectra and to ???Rn being close to the detector with only air to attenuate its radiation.
This causes the signal of radon to be stronger than if it was only present in the ground.
y-ray surveys have been done in the past where the 233U concentration in the soil was
inaccurately determined due to this effect |11]. In order to accurately determine the
radionuclide concentration #*®U in the ground, a correction needs to be applied for the
contribution of ?2Rn in the atmosphere.
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Figure 3.1: The v-ray spectra of 233U and ???Rn

The decay chain of 2Th also contains an isotope of radon (see Figure [2.2)), namely ?2°Rn,
or thoron. This isotope of radon only has a half-life of 56 seconds, which means it does not
have enough time to escape from the soil and travel large distances. It is therefore not a
concern in geophysical v-ray surveys. Only ??2Rn will be considered for this research.

3.2 Assumptions for radon-correction

In order to correct for the presence of radon in geophysical ~-ray surveys, some
assumptions are made that are described in the following three paragraphs.

3.2.1 Secular equilibrium

When radon goes from the ground into the air with lower radon concentrations, it will no
longer be in equilibrium. After *Rn, the decay chain goes through ?'*Po (T7,, = 3.10
minutes), *"“Pb (T, = 27.1 minutes), **Bi (T3, = 19.7 minutes) and *"“*Po
(Ty/2 = 1.63 x 107 s) until it reaches ?'"Pb (T}, = 22.2 years). It takes about five times
the half-life of the daughter for its activity to reach 97 % that of the parent, and then it is
almost in secular equilibrium. In this case, daughters after 2“Bi are ignored because they
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are not emitters of v-rays. The moment secular equilibrium is reached is thus determined
by 2“Pb and 2'Bi, which should be within 3 hours after an increase in the radon
concentration in the air.

The assumption of secular equilibrium may not always be accurate. Rainfall can cause the
daughters of radon, that are attached to aerosols, to fall down to ground level [19]. This
removes the daughters from the air, creating disequilibrium. The simulations in this
research and the resulting ~-ray spectra assume secular equilibrium, which means during,
or shortly after, rain some radon correction methods can not be applied reliably.

3.2.2 Range of radon contribution

During a geophysical survey, the contribution of radon to the uranium spectrum is
determined by the concentration of radon in the air, as well as the volume of the air from
which « radiation reaches the detector. The distance from which radiation from radon
reaches the detector can be estimated analytically.

For a sphere of radius R, around the detector, the detection rate of v-rays (I) is given

by [11] chapter 5:
I Aevy
2140 Pa
Where A is the surface area of the detector, € the efficiency of the detector, 7 is the rate of
~-ray production per unit volume of air, u, is the mass attenuation coefficient of air, and
pa the density of air. In this equation €, v, and u, are all dependent on the energy of the
~-rays. The density of air decreases by about 10 % from sea level to 1000 m height. Using
this equation, it was found that at an R,,,, of the sphere of air around the detector of 1000
meters, over 99 % of ~-radiation reaches the detector for both ~-rays of 0.609 MeV and
1.764 MeV (The most prominent peaks in the spectrum) even in the case of 10 % reduced
air density. For the sea level air density, 1.225 kg/m® was used and the attenuation
coefficient 4.447x1073 m?/kg |20] was used, which is the mass attenuation coefficient for a
~-ray of 2 MeV. p, decreases with v-ray energy, and the contribution is over 99 % at 1000
m which means for 1.764 MeV it will also be over 99 %.

(1 _ e_HaPaRmax) (31)

This estimation only uses full energy photons, not photons created in Compton scattering.
however, radon only emits a negligible amount v-rays with energies higher than 1.764 MeV.
Therefore, a distance of 1000 meters from radon to the detector is estimated to be the
upper limit from where radon contributes to the signal. This estimation relies on a
homogeneous radon distribution within a sphere with a radius of 1000 m around the
detector.
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3.2.3 Spacial and temporal radon variation

Most radon correction methods assume a homogeneous radon distribution in the
atmosphere, a constant radon concentration during a geophysical survey, or both. The
homogeneity of radon is influenced by its movement in the atmosphere, which has been and
still is extensively studied, because radon serves as a tracer for atmospheric transport and
mixing processes in climate and pollution studies [21] [22], and because of the health risks
associated with radon [23].

The average outdoor radon concentration depends on geographical location. Radon
measurements done from 2006 to 2023 at the Lutjewad atmospheric measurement station,
located at the northern coast of the Netherlands, average out to 1.78 Bq/m® [24]. Radon
concentrations in Germany, the United States of America and Japan have been reported to
have on average 2 to 23 Bq/m?® depending on location [25] [26]. Differences in radon level
have also been found between urban and rural areas, with larger daily fluctuations in rural
areas [27]. At locations where the uranium concentrations are very high, such as uranium
mines, radon concentrations in the air have been reported as high as 318 Bq/m? [28]. This
suggests that the average outdoor radon concentration depends on the local ground
uranium concentrations. Close to a large body of water, radon concentrations are
influenced by the direction of the wind. This is because the air coming from the sea or
large lake contains less radon than air originating from land [29].

Weather conditions are an important factor to consider, as radon concentrations at ground
level show variations of up to a factor 20 depending on the weather conditions [30]. During
rain, radon-daughters attached to aerosols fall to the ground [19]. This breaks the secular
equilibrium of radon in the air and increases the concentration of radon daughters in
groundwater [31].

The levels of radon concentration in the atmosphere exhibit daily and yearly fluctuations.
With on average larger daily fluctuations happening in the summer [32] [27]. Diurnal
fluctuations in radon concentration are thought to be closely linked to atmospheric
stability [33]. During the early morning, the atmosphere tends to be stable due to the
presence of a temperature inversion, which means that a layer of cold air is trapped under
a layer of warm air. A temperature inversion inhibits the movement of radon gas from the
ground to the upper layers. Radon concentrations near ground level can increase by up to
two orders of magnitude, due to the effect of a strong temperature inversion [34]. This is
because radon gas, which primarily originates from the soil, gets trapped at the ground
level by the stable atmospheric layer [35]. However, as the sun rises and heats up the
ground, the air close to it is heated. This disrupts the temperature inversion, allowing
radon gas to disperse into the upper atmosphere [36]. Ground level radon concentrations
have been found to negatively correlate with temperature, with a delay of about 3 hours
[37] [27]. Wind speed has also been found to negatively correlate with radon concentration
[27]. Without wind, mixing in the atmosphere is reduced, as a result radon can accumulate
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in the first 1.5 m above ground. This effect can increase concentrations by a factor of four

33).

Variations in radon concentrations can in part be explained by variation in the mixed layer
height. The mixing layer is the layer of the atmosphere that is closest to earth’s surface.
Substances released into the mixing layer disperse slowly in both horizontal and vertical
directions due to turbulence, eventually achieving complete mixing given enough time in
absence of sources or sinks [39]. Within this layer, potential temperatureﬂ specific
humidity, aerosols, and gasses including radon can be considered homogeneously
distributed [29]. The mixing layer height varies between 50 and 2500 m [40] and between
1000 and 2000 m during daytime [41]. When the mixing layer height is under 1000 m, the
radon concentration can no longer be considered homogeneous within the volume that
influences measurements. However, in 2017. Baldoncini et al. did a study with a ~-ray
spectrometer between 70 and 3000 m where they did not observe a sudden change in radon
above the mixing layer [42].

~v-ray spectrometers are not able to determine inhomogeneous radon distributions in the
atmosphere around the detector. For that reason, radon distribution is assumed to be
homogeneous in a plane that extends horizontally around the detector by 10 to 20 km [43].
The distribution of radon in the atmosphere is influenced by various meteorological
parameters, making it a complex phenomenon where no single model can fully predict how
it influences y-ray measurements. Nicolet and Erdi-Krausz propose a model that assumes
radon is homogeneously distributed for measurements and corrections [2].

The assumption of homogeneously distributed radon may not hold during atmospheric
conditions that change the radon concentration. A way to validate the assumption of
homogeneity of the radon concentration during a measurement, might be to attach a CO,
(or another gas) sensor to the detector platform used during a survey. Continuous CO,
measurements during a survey may be used as a way to test the mixing of the atmosphere.
Large fluctuations in COs in the absence of sinks and sources, may indicate a lack of
mixing in the atmosphere and thus a radon distribution that is not homogeneous. When
atmospheric circumstances are not homogeneous, correction methods may need to be
adopted that are specifically designed for such situations. This research will not be
concerned with complex radon distributions.

For this research, the distribution of radon in the air is assumed to be homogeneous within
a radius of 1000 m around the detector. This is likely a valid assumption during daytime,
when it is windy, and when it is cloudy but not raining. Variations of the radon
concentration can occur during a measurement, therefore it should be continuously

'Potential temperature is a thermodynamic variable used in meteorology and atmospheric science that
represents the temperature a parcel of air would have if it were brought to a standard pressure level. It helps
to assess the stability and vertical movement of air masses by removing the influence of changes in pressure.
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measured during a survey.

3.3 Existing methods for radon-correction

There currently exist multiple methods of correcting for radon in geophysical surveys.
These methods are most applicable to airborne gamma ray surveys done with airplanes
and helicopters, with some being viable for ground-borne surveys as well. These platforms
offer the ability to carry heavy loads in excess of 100 kg. Airborne surveys are typically
done with ~-ray spectrometer systems consisting of a minimum of 4 times 4 litre Nal
crystals, up to sixteen 4 litre Nal crystals [2]. Radon correction models can be separated
into two categories, separate radon measurements and spectral correction methods.

3.3.1 Independent radon measurements

With these methods, a separate radon measurement is done, which is then used to make
corrections to survey data.

Taking air samples

The concentration of radon in air samples taken during the survey is determined by using a
radon detector, with the analysis mainly relying on the detection of alpha particles emitted
by radon and its decay products [11].

Calibration flights over large bodies of water

Radon corrections can be done by performing a calibration flight above water [44] |2]. Given
the low radionuclide concentration in water, the gamma-radiation emitted by it can be
disregarded. For this technique to be effective, the water layer must be at least 1 meter
thick [|45], and the measurement platform must be shielded by 200 to 500 meters of air
between the shore and detector. This provides adequate shielding for gamma-rays emitted
by the underlying geology and the surroundings [11]. As a result, all counts recorded must
originate from cosmic rays or radon. This method can only be applied if there is a large
body of water next to the survey area.

Upwards looking detectors

A detector pack containing multiple crystals is augmented with an extra detector placed on
top. Shielded by the high-density detectors below, this additional detector registers events
primarily caused by gamma-rays produced by cosmic rays or radon above the main detector
[2]. Throughout the survey, the count rate due to cosmic rays remains steady, and it is
assumed that the count rate recorded by the upward-looking detector correlates linearly
with the count rate contributed by radon in the downward-looking detectors. Upwards
looking detectors can be calibrated by doing calibration flights above water [44] or land [46].

23



Radon corrections 3.3 Existing methods for radon-correction

3.3.2 Spectral correction methods

The objective of these techniques is to extract the radon component within the measured
spectra, without requiring any supplementary equipment to determine the concentration of
radon. The spectral correction methods use the fact that gamma-rays from the 23U decay
chain are formed in the ground and subsequently attenuated by the ground and the air.
Gamma-rays resulting from the decay of *2Rn are generated in the air around the detector
and therefore only attenuated by the air. The gamma radiation originating in the air is
attenuated less. The result is that spectra of uranium and atmospheric radon exhibit
similar shapes at 1.76 MeV. However, at 0.609 MeV, the uranium spectrum will have a
smaller peak-to-Compton ratio than that of radon [43].

Spectral ratio method

In this approach, the existence and impact of radon are determined by evaluating the ratio
between two peaks emitted by *'Bi: one at 0.609 MeV and the other at 1.76 MeV [44]. In
this method, the height of the peaks above the Compton continuum is used, rather than the
peak’s full height. As gamma-ray spectrometers have evolved to offer greater resolution, this
technique has been broadened to encompass the ratio between the 0.352 MeV peak from
21Ph and the 1.76 MeV peak [47]. This method has also been applied to in UAV-borne
surveys [48].

Full spectrum method

This approach is comparable to the spectral ratio method, but instead employs the complete
spectrum to identify the existence and impact of radon [44] [45] [49)].

3.3.3 Application of radon correction methods

All of these methods require a calibration to map the measured quantity to the
concentration and obtain a spectrum that can be subtracted from spectral measurements.
Calibration methods have traditionally been based on empirical approaches [10] 2], but in
recent times, Monte Carlo methods are being employed to model the detector response [47]
[50]. Upwards looking detectors and air sampling to correct for radon levels requires extra
equipment. Air sampling and calibration flights assume that there is a partial spatial and
temporal homogeneity in the radon concentrations.

Upward looking detectors, spectral ratio, and full spectrum correction methods do not
assume a homogeneous distribution of the radon concentration throughout the survey area.
However, it is important for these methods to have well-defined spectra. When using a 16
litre Nal crystal pack, integration times of 200 to 600 seconds are typically necessary to
collect sufficient counts for applying corrections [2]. For airplanes, typical survey speeds are
50-60 m/s, resulting in the summation of data over 10-36 km, while for helicopters, speeds
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are 25-30 m/s, resulting in the summation of data over 5-18 km [2]. It should be noted that
although these methods do not assume a homogeneously distributed concentration
throughout the survey, they assume such a distribution over the area where the data is
summed.

3.3.4 Limitations of spectral correction methods

In order to apply the spectral ratio or full spectrum method, it is required to characterise
the differences between the 22Rn and 238U spectrum. This requires a few conditions to be
met.

Firstly, the ??2Rn and 23U spectra need to be distinct enough from each other to see a
difference. Since the difference in the spectra is caused by the difference in attenuation,
this requires sufficient measurement height [11].

Secondly, It is preferred that '37Cs is not present. Mainly in the Northern Hemisphere,
137Cs entered the environment as a result of nuclear bomb tests and accidents from the
nuclear power industry. ¥7Cs emits y-rays of 0.662 MeV, which interferes with the 0.609
MeV peak used in the spectral ratio method. Nal or Csl detectors commonly used in
geophysics have a 7-10 % resolution [2]. This resolution limits the ability to differentiate
between the 0.609 and 0.662 MeV peaks. The distinction can only be made when there is a
sufficiently high concentration of 37Cs, and enough counts are obtained to ensure both
peaks are well-defined. Despite the limitations of the spectral ratio method when using the
0.609 MeV peak in the presence of 37Cs, the method can still be applied using the 0.352
MeV peak. Additionally, the full spectrum method can be utilized, provided that a
standard spectrum for ¥7Cs is included. [11]

Finally, it is necessary to determine the effect of radon on the measurements. The
measured radon concentration in the air must be converted to a parameter that can be
used to adjust the data. This can be achieved by multiplying a pure radon spectrum by the
concentration, which is then subtracted from the measured spectra, or by applying a
correction factor for the uranium concentration. The radon spectrum or correction
parameter can be determined through measurements or Monte-Carlo simulations. However,
it is important to note that both methods rely on certain assumptions about the temporal
and spatial variations in radon concentration during the survey. [11]

3.4 UAV-borne methods for radon-correction

The correction methods presented so far have mainly been designed for, and applied in,
airborne 7-ray surveys. Compared to airplanes and helicopters, UAVs typically carry a
much lighter load, fly at lower altitude for a shorter time covering a smaller area during a
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survey. These differences will affect the applicability of some radon correction methods
described in the previous section. This section will cover the applicability of these methods
to UAV-borne ~-ray surveys as well as two new radon correction methods, proposed in the
work of S. van der Veeke |11], which have been specifically designed for UAV-borne ~-ray
surveys.

Due to limited payload on UAV-borne gamma-ray surveys, an upward-looking detector
cannot be effectively used as smaller detectors are typically used which provide limited
shielding.  Moreover, maximising the crystal volume for the actual measurement is
preferred. Therefore, no, or only a small separate upward-looking detector can be used on
a UAV.

The use of calibration flights above water for UAV-borne surveys require a body of water
close to the survey area. UAV flights cover a smaller area than airborne surveys, and there
may not be a body of water of adequate size within the survey area. UAVs require smaller
distances from shore than is necessary for airborne surveys, because they can fly close to
the water surface. This means smaller bodies of water may be used for the calibration
flight if the UAV operator is able to bring their UAV very close to the water. This however
requires that the body of water is not located in a valley where the surrounding terrain
extends far above the water level and contributes to the y-ray spectrum. In conclusion,
calibration flights can be a viable method for radon correction, but only situationally as it
requires certain geographic conditions in the survey area.

Because UAV-borne ~v-ray surveys are typically performed at a lower altitude compared to
the traditional airborne surveys, the ~-rays are attenuated less before reaching the
detector. While this allows for the use of smaller detectors, it also means that the spectral
ratio or full spectrum method become more difficult to use because these methods rely on
the difference between the attenuation of the v-rays from ??Rn and ?*®*U. This difference is
reduced at lower altitude. Despite this, advanced spectral-ratio radon background
correction methods have been used to perform radon corrections with a UAV [48]. This
was done with a 4 litre Nal (T1) crystal with a weight of 19.8 kg, which requires a UAV
capable of carrying this weight.

3.4.1 Radon corrections based on measurements at different
heights

This method uses the ability of UAVs to hover in place precisely at a fixed altitude and the
intensity of radiation from uranium as a function of height. The intensity of the radiation
due to uranium and radon for a specific energy ~-ray as a function of height is given by [11]:

Lotar(h) = (I — IE™) By (hptapa) + 218" (3.2)

Where [;44; is the intensity of the combined radon and uranium spectrum, A is the height
of the detector, /¥ and I are the intensity due to uranium and radon respectively at zero
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height. u, and p, are the mass attenuation coeflicient and density of air respectively, and
E, represents the exponential integral of order two [51]. The contribution to [, from
uranium decreases with height, while the contribution of radon increases.

By performing measurements at several heights, it is possible to fit the curve from equation
3.2l This curve is shown in Figure for three situations. The blue curve indicates what
the detector is predicted to measure ([;yq(h)), the red and green line represent the signal
due to #2Rn and #*U respectively. Because it is known how the signals from ?**Rn and
28U change with height, the ratio of ?**Rn and 2*®U can be determined from a
characterisation of the total signal as a function of height.

It is assumed that the uranium concentration is constant within the footprint of the
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Figure 3.2: The intensity of the 1.76 MeV full energy peak due to 2**U (green) in the ground, ??Rn
(red) in the air and their sum (blue). In graph 1, no radon is present, as a result the uranium signal (green)
and the total (blue) overlap. In graph 2, The intensity due to radon at ground level is half that of uranium,
the total signal decreases slower than in graph 1. In graph 3, the intensity due to radon at ground level
equals that of uranium. In this situation, the total signal is constant with height. This figure was recreated
from |[11].

measurement for equation [3.2l The footprint is the area underneath the detector that
influences the measurement, the size of the footprint increases with height [11]. In Figure
B.2] Liotar(R) is plotted for different values of IJ and I using equation [3.2] For graph 1
I = 0, in this situation, the intensity of the total signal decreases the fastest. For graph
3, If" = IV and as a result, the total signal remains constant.

With measurements at different heights, only the ratio between ???Rn and #®U can be
determined. In order to find the absolute concentrations a supplementary method has to
be used, such as taking air samples, soil samples or the spectral ratio method. In the
curves shown in Figure 3.2) purely the attenuation of gamma-rays of a specific energy is
considered and not other physical effects such as Compton scattering and pair production.
Monte Carlo simulations can incorporate these effects and help to determine the intensities
as a function of height.
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3.4.2 Radon detection using a split y-ray spectrometer

This method of radon correction takes the principle of the upwards looking detector, and
integrates this into the detector design so that it also contributes to the measurement of
ground radionuclides. This method depends on the characterisation of the detector by
Monte Carlo simulations. Figure |3.3] shows a possible design of a split detector. The

Bottom crystal

Figure 3.3: A schematic image of the split detector. The magenta indicates how the
scintillation crystals are placed inside the detector. On the top of the detector mounting
points are added, which can be used to attach the detector to a UAV

detector is composed of a scintillation crystal which is split into two parts which are
separated by a thin layer of reflective foil, the same material that is used outside surface of
the scintillation crystal to reflect scintillation photons back into the crystal in order to
increase the probability of them ending up in the photo-multiplier. In this design, both
crystals are equipped with their own photo-multiplier and multichannel analyser. As a
result, the detector outputs two signals, one for the top crystal and one for the bottom
crystal.

When performing a measurement with this detector with it oriented such that the top
crystal is pointed upwards, the top crystal will be partially shielded from radiation that is
coming from below and the bottom crystal is partially shielded from radiation from above.
Consequently, more of the radiation coming from **®U and other nuclides in the ground
will be detected by the bottom crystal and more of the radiation due to ?*?Rn in the air
will be detected by the top crystal.

To determine the levels of K, 223U, and ?**Th in the soil, the combined signal from both
halves is utilized. The measured spectra can have their “°K and 23?Th contributions
subtracted, and the total count of the upper and lower crystals can be analysed
independently. Monte-Carlo simulations are used to calculate and calibrate the responses
of the detectors to 2**U from the soil and ?*’Rn in the air for each detector, using the
methods described in . With the crystal sizes typically employed in geophysical surveys,
the photon shielding between the two halves is only partial. Nonetheless, this approach is
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practical as long as the shielding is strong enough to produce a distinguishable difference in
count rate between the two crystal halves, depending on the source of the radiation.

The total number of counts due to the combined signal of 28U in the ground and ?*?Rn in
the air in the top crystal (I7) and bottom crystal (Ig) are given by:

Gl + Ol — 1y
U, U Rn, R (3-3)

Cong +C™ng" = Ip
Where OV and Cf" are the concentrations of 23U and #2Rn respectively in Bq/kg. 7
indicates the number of counts per Bq/kg registered due to 2**U and ?*?Rn, superscript U

and Rn respectively, in the top and bottom crystal with subscript 7" and B respectively.
Equations [3.3] can be rewritten to:

U _ 77’}%“]3 - nﬁ”IT
G — ngmny
Cfn _ nlg —nglr

i — nGnkn

C
(3.4)

That means that after measuring I and Iz, both the 238U and ?2?Rn concentrations can be
calculated. The values for n are determined in Monte Carlo simulations.
Equations |3.3] and can also be rewritten with the following substitutions:

77/U _ 777[{
ST
77/U _ 77¥
By 4
Rn
N = m (3.5)
n/Rn — 777@”
Bl g

" = CY(ng +njp)
O = O

Where we now have relative efficiencies n{¥ (7/%") and 0¥ (n/f™), which are the fraction of
the total counts due to uranium (radon) in the top and bottom crystal respectively and
C'Y(C"E") the total number of counts due to uranium (radon).

A prototype was built of this detector, henceforth referred to as “the split detector”. Using
the split detector as a means to correct for atmospheric radon in geophysical surveys will be
the main focus of this research.
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Chapter 4

The split detector

4.1 Introduction

In order to test if the split y-ray spectrometer method can be used to measure and correct
for the radon concentration in the atmosphere, a prototype was built. In this chapter, this
prototype will be described. Then the calibration procedure is described, which involves
a measurement in a calibration setup. The split detector is capable of detecting whether
radiation is isotropic within the calibration setup, this was tested and documented in this
chapter as well.

4.2 The design of split detector

The prototype of the split detector is displayed in Figure [£.I The two scintillation crystals
were made out of a 1 litre cylindrical CsI crystal of 160 mm high and 90 mm in diameter.
This makes the weight of the detector similar to that of the MS-1000 from Medusa
Radiometrics, which is made for UAV-borne survey applications|52]. The crystal was
divided into two half cylinders which are separated by reflective material. The crystals are
made from the inorganic scintillation material Csl, for its durability and resolution, as is
described in [2.5] At the end of the two crystals, silicon photo-multipliers are used to collect
the light from the crystals. These silicon photo-multipliers are placed inside a potting
compound to keep them in place alongside an amplifier which amplifies the signal from the
silicon photo-multipliers. The Csl crystals, silicon photo-multipliers, amplifier and potting
compound are all inside an aluminium housing.

The aluminium housing with the crystals is placed inside a carbon fibre tube, separated by
a layer of foam for shock-absorption. On one end of the carbon tube, the electronics of the
detector can be found. This includes two multichannel analysers with 512 channels, to
acquire the spectra used in the determination of radionuclide concentrations. Among the
electronics a pressure, temperature, and humidity (PTH) sensor is included in order to be
able to make corrections for the small temperature dependence of the detector[50]. Among
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Photomultiplier and )
potting compound Carbon fibre housing

Csl crystal
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Aluminium housing

ellector
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Figure 4.1: Schematic cross-section of the split detector.

the electronics is also the computer system that runs mDOS (Medusa Detector Operating
System). mDOS provides a standardised web interface to the detector system, which allows
set-up and check of system parameters and system functioning. The electronics of the
detector connect through a connector in the aluminium end-cap. Via this connector power,
Ethernet and GPS can be connected to the detector. The end-caps of the detector have
mounting points which can be used to securely attach the detector to a UAV. These
mounting points can be seen in Figure [3.3| are on the top-side of the detector

4.3 The calibration of the split detector

In order to use a y-ray spectrometer to determine the ground radionuclide concentrations,
it first needs to be calibrated. A Monte Carlo based calibration method is used, described
in detail by van der Graaf et al., 2011 [50]. The calibration of the split detector required
Monte Carlo simulations, and measurements to be done inside a calibration setup. Medusa
Radiometrics has a dedicated calibration setup called “Stonehenge” which is shown in
Figure Stonehenge is a 1.2 by 1.2 by 1.2 m structure made of clay bricks which have a
well known activity concentration of K, 238U and 232Th. It is large enough to ensure that
99.9 % of radiation detected by a detector comes from Stonehenge, and only 0.1 % from
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Figure 4.2: The Stonehenge calibration setup

the walls and floor around it.

The split detector has directional sensitivity, which means it can measure if the radiation
in Stonehenge is isotropic. Ideally, the direction of radiation within Stonehenge in both
simulations and reality is the same, that way the two are comparable. This is considered in
both the simulations and the measurements that were done inside the setup.

First, the simulations of the split detector inside Stonehenge are described. Thereafter, the
measurements are presented and discussed.

4.3.1 Stonehenge simulation

In the calibration procedure, the first step is to perform Monte Carlo simulations of the
split detector in the calibration setup. For this, Stonehenge was recreated in MCNP6", the
program used for Monte Carlo simulations. The geometry of the simulation is shown in
Figure For each radionuclide, a simulation was done with the bricks from Stonehenge
acting as a source of °K, or the decay chain of 233U or 232Th in secular equilibrium. In the
simulations, the bricks were assumed to be pure SiOy with a density of 2320 kg/m?. Air was
taken as a mixture of Ny (79 % mass) and Oy (21 % mass) with a density of 1.293 kg/m?. In
order to simulate the response of the detector, the MCNP6 pulse height tally (F8-tally) was
used. This tally is capable of estimating the energy spectrum in a physical detector model.
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Figure 4.3: The geometry of the simulation of the split detector in Stonehenge. The left image is a front
view, and the right a side view. The detector is located in the centre, with air around it in green. The bricks
from Stonehenge are shown in cyan.

Results from the Stonehenge simulation

The main results of the simulation in Stonehenge are the detector response curves to a 1
Bq/kg source of each ‘°K, 238U and 232Th for each crystal. These response curves represent
the spectrum one would measure in the situation of a tool inside a Stonehenge-type
geometry having an activity of 1 Bq/kg. The spectra produced by Monte Carlo simulations
are an unbroadened histogram, as in figure 1.4 In the calibration procedure, these are
broadened using a Gaussian broadening function to match the resolution of the detector.

Stonehenge fully surrounds the detector and made of clay bricks, which should all be
roughly identical. If the radiation in Stonehenge is isotropic, there should be no difference
between the crystals. Table presents the total number of counts per second per Bq/kg
for each radionuclide determined in the simulations. The top crystal receives 0.7 £+ 0.1 %
more radiation than the bottom crystal for 233U and ?**Th, and 0.4 £ 0.1 % more radiation
for 40K.

Top crystal (Cps/Bq/kg) | Bottom crystal (Cps/Bq/kg) | Difference (%)
K | 0.6090+0.0004 0.6068+0.0004 0.4+ 0.1
U | 9.84240.007 9.770£0.007 0.7£ 0.1
Th | 11.763+0.009 11.689+0.009 0.7£ 0.1

Table 4.1: Total counts per Bq/kg in the energy range from 0 to 3 MeV, calculated from Monte Carlo
simulations inside Stonehenge.
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4.3.2 Stonehenge measurements

The next stage of the calibration procedure is a measurement with the split detector in the
Stonehenge calibration setup. The two spectra, measured by the detector halves, are then
energy stabilized, normalized and approximated by the Monte Carlo calculated standard
spectra. This procedure involves the following steps:

e Determination of a function that maps “raw” multichannel spectral data to an
energy-calibrated spectrum.  This procedure involves determining the function
required to convert a channel in the MCA spectrum into its corresponding energy
value in the energy spectrum. To accomplish this, a quadratic mapping function is
employed, characterized by three parameters: ag, a;, and as. The a-factors represent
the coefficients of a second-order function that converts channel numbers into energy
values.

1. ag denotes the channel offset within the multichannel system.
2. aj represents the linear scaling factor, which is dependent on temperature.

3. ag represents a quadratic correction to the scaling of channel numbers to energy
values.

e Determination of the spectral resolution of the detector by broadening the
unbroadened histograms, from the Monte Carlo simulations, to match the detector’s
spectral resolution.

e Determination of a general scaling factor that quantifies the disparity between the
theoretical detector response and the actual response. Where the theoretical response
corresponds to what the simulations predict given the known radionuclide
concentrations in Stonehenge, which are 41 Bq/kg 23U, 52 Bq/kg 23?Th and 535
Bq/kg K.

e Converting the calibration geometry to the geometry in which the detector is meant to
be used. This is achieved by doing simulations of the detector in the geometry where it
is intended to be used. In this case, that geometry is the split detector in its intended
orientation above a flat field of radionuclides.

These steps are outlined in detail in van der Graaf et al. 2011, [50]. The calibration
procedure yields a collection of standard spectra, which can be used in Full Spectrum
Analysis for the examination of gamma ray data obtained in field measurements. The
output of the calibration procedure is a Medusa Calibration File (MCF), designed to be
used in the Medusa spectral analysis software.

The crystal that is on top, when the detector is oriented right side up (as in Figure |5.1/A),
is named crystal 1 and the other is crystal 2. This is to avoid any confusion as to which
crystal is being discussed. For the calibration measurement, the detector was placed inside
Stonehenge (see Figure and spectra were acquired with detector 1 on top
(measurement time 94 minutes) and detector 2 on top (measurement time 41 minutes).
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Results

Before any calibration procedure, one can already look at the total counts per second in
each crystal. The results are in Table Crystal 1 had a higher count rate than crystal 2
in both the right side up and upside down orientations. For both crystals, the count rate
was higher if it was looking down.

Crystal | Facing up | Facing down
1 753.2+0.4 | 765.14+0.6
2 706.4£0.6 | 711.6+0.4

Table 4.2: Total counts per second of each crystal when looking up and when looking down

The spectra, that were measured with crystal 1 facing up and crystal 2 facing down, were
used to determine the calibration parameters using the standard spectra determined in the
simulations. The fit of crystal 1 can be seen in Figure [4.4] In this fitting procedure, the
factors ag, a;, and ag, the resolution and the overall scaling factor were determined for both
crystals. The parameter a; was kept at 0 for both crystals while retaining a good fit. These
parameters can be seen in Table [4.3]

Parameter Crystal 1 | Crystal 2
ag -4.20 -5.00

a 0.665 0.673

ag 0.00 0.00
Energy resolution 8.3% 8.7%
Overall scaling factor | 99.4% 93.0%
Energy range (MeV) | 0.36-2.72 | 0.36-2.72

Table 4.3: The parameters that were determined from the calibration procedure. With ag, a; and ay
being the parameters of the function that maps MCA channels to their corresponding energy. The energy
resolution is the FWHM as a percentage of the peak energy at 0.662 MeV. The Overall scaling factor is the
amount of radiation detected compared to the theoretical value in the energy range that is given below it.
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Figure 4.4: The raw spectrum measured by crystal 1 in Stonehenge (black and grey dots). With on
the x-axis, the energy of the y-rays and on the y-axis the total counts on a logarithmic scale. With on
top the unbroadened histograms of 238U (green) and 232Th (blue), and “°K (red) from the Monte Carlo
Simulations, and on the bottom the histograms broadened to match the resolution of the detector of 8.3 %.
These pictures were made using the MCF creator, which is the computer program developed by Medusa to
create calibration files.

4.3.3 Geometry conversion

The final step in the calibration procedure is the conversion of the geometry from
Stonehenge to the geometry in which the split detector is intended to be used. The
geometry that is used in this case is a flat field with the detector floating above it, this is
shown in Figure 4.5 This geometry is referred to as the flatbed geometry. The flatbed
consists of stacked circular discs of soil modelled as SiOy 1500 kg/m? with 300 kg/m? H,O.
The radius of the discs decreases with depth, and the thickness increases. This shape was
chosen because it approximates the volume of ground that contributes 99 % of the
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radiation that reaches the detector when it is at heights of 10 m to 40 m[l1]. For
simulations with the detector at 0.8 m height, a smaller flatbed was geometry used with a
maximum radius of 68 m. This was done because simulations with a 450 m radius flatbed
produced results with uncertainties that did not seem to get smaller with simulation time
at this height. However, at this detector height, a flatbed of this size should still be
responsible for 99 % of the radiation that reaches the detector[11].

Detector

450 m -~ 1500 m

Soil

0.65m

Figure 4.5: Schematic picture of the flatbed geometry, not to scale. For simulations with the detector
at 10 m or higher, the soil consists of a stack of discs of radius 450, 350, 250, 150, 100, 50 and 25 m from
top to bottom, with a thickness of 0.03, 0.02, 0.03, 0.045, 0.125, 0.20 and 0.20 m respectively. The maximal
depth of the soil was 0.65 m underneath the detector. The entire soil was used as a ‘°K, 238U, 232Th and
137Cs source. For the simulations of radionuclides in the ground, only the air up to the edge of the widest
soil disc was used. For 22?Rn, air around the detector is a half-sphere of 1500 m within which is a sphere
with a radius of 50 m around the detector. Separate simulations were done with the inner 50 m and the rest
of the air acting as a 2?2Rn source.

The soil was used as a 4K, 228U, 232Th and 3"Cs source. For every radionuclide, a separate
simulation was run at a height of 0.8 m and 10 m. The response curves resulting from
these Monte Carlo simulations were then used to create the standard spectra, and Medusa
Calibration Files such that the split detector can be used for radionuclide measurements.

Radon simulations

In order to use the split detector as a correction method for #22Rn. The efficiencies from
of the crystals had to be determined. To do this, Monte Carlo simulations were done
with 222Rn in the air. The #*®U simulation results from the geometry conversion were used
to calculate 7% and n¥.
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The simulations with ?2?Rn in the air were done in 2 parts, one with ?*?Rn in the first 50 m
of air around the detector and one with ?*?Rn in air except in the first 50 m around the
detector. In the simulation of the inner sphere of ?22Rn, the outer layer of air and the soil
were removed from the simulation with the assumption that the contribution of photons
that travel there and scatter into the detector is negligible. The spectra resulting from the
two simulations of 22Rn were summed to create a single combined spectrum. The reason
222Rn was simulated in two parts was to speed up simulations, as doing this produced
results quicker than simulating radon in one go. For these simulations, several variance
reduction techniques were used. Namely: Nested DXTRAN spheres, Cell importances,
forced capture source biasing and the energy cut-off for photons was set at 0.1 MeV.

The results of these simulations for the various 7’s at a height of 0.8 m and 10 m are shown
in Table [£.4l The total counts due to 2*U and ??2Rn were being higher for the simulation
at 10 m than the simulation at 0.8 m.

U Rn
U U /Rn 'Rn
mp (%) | () ()| e (%) (counts per Bq/kg) | (counts per Bq/kg)
0.8m | 60.7£0.4 | 39.3£0.4 | 40.440.2 | 59.61+0.2 | 1.93+0.02 2.4240.01
10 m | 60.1£0.5 | 39.94+0.5 | 42.3+£0.5 | 57.7£0.5 | 2.09£0.02 2.5640.02

Table 4.4: The efficiencies and the total counts per second per Bq/kg of the split detector
in the flatbed geometry at 0.8 m and 10 m height in the energy range 360 keV to 2720 keV.

4.4 Discussion and Conclusion

This chapter provided a description of the split detector design and the calibration
procedure. The calibration of the detector involved a combination of Monte Carlo
simulations and measurements conducted at Stonehenge. Ultimately, standard spectra
were generated through Monte Carlo simulations conducted in a flatbed geometry.

The measurements in Stonehenge revealed that crystal 1 detected more radiation than
crystal 2 in both orientations of the detector. One possible explanation for this is, that
crystal 1 and crystal 2 have a slightly different size. They were once a single crystal that
was sawed in half, if the cut was made slightly off-centre this would result in crystals of
different sizes. A difference in size could impact the values of the various n’s from equation
[3.4f This was not looked into further because there was no way to simply disassemble the
detector to determine the exact shape and size of the crystals.

In the simulations of the split detector inside Stonehenge, it turned out that the top crystal
received slightly more radiation than the bottom crystal. This is possibly due to the
aluminium plate that is on the bottom of the cavity in Stonehenge. In the measurements
with the split detector inside Stonehenge, the opposite seemed to be true because both
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crystals had a higher total count rate when pointed down. Crystal 1 and crystal 2,
respectively, recorded 1.6 % and 0.7 % more total counts when looking down than when
looking up. This could be due to a slight asymmetry in Stonehenge and due to the fact
that it is not a 100 % shielded environment. In the surroundings of Stonehenge, more
radiation might come from below than from above. If the shielding provided by the bricks
is not 100 % that will show up in the measurement that was done.

Although there was a difference observed between the measurement and simulation, the
calibration of the detector was performed using the measurement obtained from crystal 1
in an upward orientation. This decision was made because the disparity between a crystal
facing upward and one facing downward is only around 1 %. This small difference should
not hinder the split detectors’ capacity to compensate for the presence of radon during
geophysical surveys. In the simulation, the crystal that was facing upward (or downward)
was paired with crystal 1 (or 2) respectively, and an MCF was generated for each crystal.
This ensured that both crystals were prepared and ready for deployment in field
measurements.

If it turns out from the field measurement that there is a discrepancy between the
radionuclide concentrations determined by the top and bottom crystal. That might be due
to the differences encountered between measurement and simulations in Stonehenge, with
the crystals facing vertical directions. It may be a good idea to redo the calibration, with
the simulations and measurements done with the crystals facing horizontal directions.
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Chapter 5

Rotating the split detector

5.1 Introduction

Unlike other ~-ray spectrometry systems, the split detector is build to be sensitive to the
direction ~-rays are coming from. In the intended orientation, the split detector has one
crystal looking up, and one crystal looking down. However, if the detector is rotated about
either its x-axis or its z-axis, as illustrated in Figure [5.1] the two detector halves will now
be looking up and down along some rotated y’-axis. This could be an important source of
systematic error, during v-ray surveys. Especially if this detector is to be used under a
UAV, which can pitch forward during forward flight, the pitch angle is dependent on the
velocity of the UAV[55]. Flights have been recorded with a forward pitch of around 15° to
20° for most of the flight[56].

Under a UAV, the x- and z-axes about which the detector is rotated are not necessarily
centred, as in Figure 5.1l If that happens, a translation of the detector accompanies the
rotation, possibly altering its height. As long as the displacement of the axis of rotation
and the angle of rotation are small, the vertical displacement caused by this effect is also
small. For this chapter, the focus will be on the effect of rotations rather than small
detector height fluctuations.

If the split detector is to be used to measure radon, it should be known how much its
rotation affects measurement results. During measurements, one could make sure that the
detector stays aligned within a certain tolerance such that the effect of rotations can be
neglected, in the latter case the tolerances of the detector need to be determined.
Alternatively, one can monitor the angles of the detector during use and apply a correction
to the measurement accordingly. In which case, the angular dependence of various
parameters should be determined. In this chapter, the dependence of the efficiencies
nBn pBno nY, n¥ of the crystals will be determined. The change in total counts will be
determined in a measurement where the split detector is rotated above a field.
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Top crystal

Top crystal

Bottom crystal
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7
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Figure 5.1: Schematic of the split detector from the front and side. The magenta indicates where the
scintillation crystals are located inside the detector (not to scale). A: The split detector from the front. B:
The split detector from the front, rotated by an angle 6 about the x-axis. C: The split detector from the
side. D: The split detector from the side, rotated by an angle ¢ about the z-axis.

5.2 Geomtric hypothesis

Under the assumption that the split detector is located above a flat field with homogeneous
radionuclide concentrations and a homogeneous radon concentration in the air around the
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detector, a maximal difference between top and bottom crystal is expected when the
detector is oriented as intended (A and C in Figure . In this orientation, the bottom
(top) crystal maximally shields the top (bottom) crystal from radiation from below
(above). After a 90° rotation, no difference in count rate is expected between the crystals,
because the plane which separates them is now along the vertical direction.

The summed count rate of both crystals should be the same for all angles, as the total
crystal volume and height stay equal in the case of a rotation about the x-axis (see Figure
B). This summed count rate may change slightly after a rotation about the z-axis. The
shape of the combined crystals does not have rotational symmetry in this direction, and
the crystals can change height after such a rotation, as in Figure [5.1| D.

The efficiencies are known at certain angles namely, n}.(60 = 0°) = 1/, 77(0 = 90°) = 0.5,
np(0 = 180°) = 1 — 1y, Wp(6 = 270°) = 0.5. Where n3(0) = 1 — n/»(0). An approximation
of n/(6) is thus a periodic function that oscillates around 0.5 with extrema of 1%, and 1,
a dependence on cos(f) satisfies this and leads to the following equations:

77 (0) = 0.5+ (7, — 0.5) cos ()

15(0) = 0.5 + (ngo — 0.5) cos () (5.1)

Where this is expected to be the same for every radionuclide except with different values of
N7 and 1,. This does not take into account Compton scattering, pair-production and the
more detailed features geometry of the detector and the source. In Monte-Carlo simulations,
these effects can be taken into account, which is described in the next section.

5.3 Simulations

Equation shows a hypothesis of how the efficiencies change. This equation is an
approximation based on geometry rather than physical arguments, and it does not account
for effects such as Compton scattering, pair-production and the geometry of the detector
and the source. Monte Carlo simulations incorporate these physical phenomena and were
therefore used to check the accuracy of equation [5.1]

5.3.1 Setup

The geometry that was used for the Monte Carlo simulations was a flatbed geometry, as
described in Figure [1.5] Simulations were then done with the detector rotated about its
x-axis (like in Figure [5.1) A and B) and its z-axis (like in Figure 5.1 C and D) from 0 to 90°

in increments of 10°.

For every angle, three simulations were done, one with 222Rn in the first 50 m of air around
the detector, one with ???Rn in air except in the first 50 m around the detector, and finally
one with 2*U in the soil. In the same way as described in [4.3.3] For these simulations
Nested DXTRAN spheres, Cell importances, forced capture source biasing and an energy
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cut-off for photons of 0.25 MeV, were used to speed up simulations. This can be done

because the minimum energy used for radionuclide analysis with the split detector is 0.36
MeV.

5.3.2 Results

Simulations were done where the detector was rotated about its x-axis and z-axis. To
calculate the efficiencies, the number of counts per Bq/kg in the 0.25 to 3.0 MeV range
due to 38U or ?*?Rn were determined in each crystal. The number of counts per Bq/kg in
each crystal was then divided by the number of counts per Bq/kg in the sum of the crystals.

Rotations about the x-axis

In Figure [5.2]it shows the efficiencies as calculated from simulation and the value predicted
equation 5.1l For rotations about the x-axis, the efficiencies calculated by the simulations
closely follow the prediction made in the geometric hypothesis.
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Figure 5.2: The efficiencies determined by the Monte Carlo simulations vs the angle of rotation 6 (see
Figure[5.1)). The points indicate the value from the simulation, and the lines the values that correspond to the
geometric hypothesis. Error bars indicate the 1 o statistical uncertainty from the Monte Carlo simulations.
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The simulated values all deviate less than 0.5 percentage points from the predicted values
for both 222Rn and 2%®U. This can be seen in Figure |5.3[ which shows the difference between
the geometric hypothesis and the outcome of the Monte Carlo simulation. The difference
between geometric hypothesis and simulation is within a 1 ¢ statistical uncertainty for 6 out
of 9 points for both radionuclides, which is the expected value if the geometric hypothesis is
correct. However, the points in Figure do not appear to be distributed randomly around
zero. For n/f", the geometric hypothesis is slightly less than the result from the Monte Carlo
simulation for nearly every angle. Since /2" + n/f" = 1 that means the opposite is true for
nfr. For n)Y, the difference between simulation and geometric hypothesis is negative for
small angles and becomes positive at 30°. From here n/fi" and 7)Y follow a similar pattern
with the difference reaching a maximum at 60° before then going back down. For unknown
reasons, the uncertainty of the simulation of uranium at 90° was significantly larger than for

the rest of the simulations.
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Figure 5.3: The differences between the efficiencies determined by the Monte Carlo simulations and the
prediction from the geometric hypothesis vs the angle of rotation 8 (see Figure . The difference is shown
for pif*" (blue) and ¥ (red) the dashed line indicates the geometric hypothesis. Error bars indicate the 1
o statistical uncertainty from the Monte Carlo simulations.
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Rotations about the z-axis

For rotations about the z-axis, the values of 7’ at different angles are shown in Figure [5.4]
The simulated values all deviate less than 0.6 percentage points from the predicted values for
?22Rn and less than 0.03 for ?8U. This can be seen in Figure 5.5 which shows the difference
between the geometric hypothesis and the outcome of the Monte Carlo simulation.

60_
« ¥
55 7 * q"g”
PO
v o7y

| — 0.5+ (17 5, — 0.5)cos(¢)
— 0.5+ ®—0.5)cos(p)

Efficiency (%)
L
[}

451 —— 035+@'% —0.5)cos(¢)
— 0.5+ B —0.5)cos(¢)
40 4
35 . ‘ ‘ . . ‘ ‘ . . ‘
0 10 20 30 40 50 60 70 80 90
Angle, ¢ (°)

Figure 5.4: The efficiencies determined by the Monte Carlo simulations vs the angle of rotation ¢ (see
Figure[5.1)). The points indicate the value from the simulation, and the lines the values that correspond to the
geometric hypothesis. Error bars indicate the 1 o statistical uncertainty from the Monte Carlo simulations.

Just as for the rotations about the x-axis, the difference between geometric hypothesis and
simulation does not appear to be random. In this case, the geometric hypothesis fall outside
the uncertainties for all points with radon. For uranium, the geometric hypothesis is much
closer, especially considering that it is based on only 1 simulation. A difference with rotations
about the x-axis is that the deviations of the simulation results from the geometric hypothesis

followed a somewhat similar pattern for n//* and n{’, which is not the case for these rotations.

The geometric hypothesis is larger than all the results of 9’/ (Except at 0° which is zero
by design) whereas the geometric hypothesis is mostly smaller for /¥. In the case of 77&3(’}9),

there is a notable difference between the value at 0° and 10° which is 0.5 percentage points
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larger than expected, this difference then persists for larger angles until it starts to decrease
at about 60°.
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Figure 5.5: The differences between the efficiencies determined by the Monte Carlo simulations and the
prediction from the geometric hypothesis vs the angle of rotation ¢ (see Figure. The difference is shown
for n/fi" (blue) and 0 (red). The dashed line indicates the geometric hypothesis. Error bars indicate the 1
o statistical uncertainty from the Monte Carlo simulations.

5.4 Field measurement

To determine the impact of rotating the split detector during a geophysical survey,
measurements were done in a field where the detector was rotated over various angles. A
single measurement at every angle was made for 5 minutes. The total number of counts
(7-rays) that were detected during the measurement in each crystal was divided by the live
time, which is the actual time when the detector is registering counts. For these
measurements, only the total counts per second are considered, as this does not require any
spectrum analysis. By dividing by the total number of summed counts of both the crystals
at each angle, changes in temperature and crystal height in case of the rotations about the
z-axis, which can affect the total counts, are cancelled because we assume the temperature
and change in average crystal height to be the same for both crystals. This also allows for
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a comparison between measurement and geometric hypothesis, because the geometric
hypothesis predicts how the distribution of radiation in the crystals change with rotations
in the case that y-rays originate preferentially from one direction. In this case, more v-rays
are expected to come from below.

5.4.1 Setup

An experimental setup was built, which allowed the detector to be easily rotated 360°
about its x-axis and 180° about its z-axis at a height of about 80 cm. This setup can be
seen in Figure It consisted of a metal post on a metal plate that was held straight with
some ropes and pegs.

A wooden board was attached to this metal post at two points. In the wooden board,
nineteen 1 cm holes were cut using a laser cutter in a semicircle spaced 10° apart, with a
hole in the centre of the semicircle as well. Through these holes, the wooden board was
bolted to the clamps that were holding the metal post. The holes in the centre could be
used with any of the holes on the semicircle to be able to rotate the board 180°.

A shelf was attached to this wooden board at a 90° angle, fortified with shelf brackets, and
with holes allowing the detector to be securely attached. If the wooden backboard was
rotated to some angle, the shelf and the detector attached to it, would rotate accordingly.
This made it possible to rotate the detector about its z-axis at any angle between -90° and
90° that is a multiple of 10°.

In order to rotate the detector about its x-axis, a plexiglass construction was made with a
semicircle cut out, that had the same diameter as the carbon fibre tube of the split
detector. In this construction, the split detector could lie stable at any angle. On the
plexiglass, markings were made every 10° to track the angle of the detector by aligning
them with the screws that attach the end cap of the detector to the carbon fibre tube. The
plexiglass construction, with the detector on it, was placed on the wooden shelf when it
was horizontal. The detector could then be rotated about its x-axis.
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Y b A

Figure 5.6: Photographs of the experimental setup that was used to measure with the split
detector at various angles. The side where the cable comes out of the detector is the front.
The crystals are positioned to the back of the detector (as illustrated in Figure [4.1)).

For this experimental setup, it was estimated that there was an uncertainty of 2° for both
rotations about the z- and x-axis. This uncertainty comes from any instability in the metal
post holding the wooden construction. There was also some wiggle room in the way the
wooden board was bolted to the clamps holding the metal post. This was likely a small
effect. There may have been some slight misalignment of the detector with the markings on
the plexiglass because this was done by eye.
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Next to the split detector and a rotation setup, another necessary requirement was to have
a field. The field that was chosen to perform this measurement was located in Groningen
at approximately 53.2102° N, 6.6157° E. The measurement was conducted between 2 and 5
pm on March 3rd 2023 under dry weather conditions. The main requirements for this
location were that the ground was flat, that it was not surrounded by buildings and trees.
The 99 % footprint of a ~-ray detector at 0.8 m is about 67 m[11]. within this range there
were some trees and water. The assumption was made that these did not interfere with the
measurement.

Ideally, the field used for this measurement should have homogeneously distributed
radionuclide concentrations. If large variations exist within this field, this can cause
differences between horizontally looking crystals. No test was done to assess the
homogeneity of the field. However, if on one side of the detector the soil is radionuclide rich
and on the other the soil is radionuclide poor, the difference should be still be much smaller
than the difference between ground and air. The effect of inhomogeneity will become more
pronounced, for rotations close to 90°.

5.4.2 Results

Rotations about the x-axis

In Figure the response of the split detector is shown when at various angles of rotation
about the x-axis. In this case, the angle 0° means that crystal 1 was looking straight down
to the ground. In this orientation, crystal 1 received about 58 % of the radiation. As the
split detector was rotated, crystal 1 detected less radiation and crystal 2 more. According to
the geometric hypothesis, this should follow a cosine shape. In Figure a cosine is drawn
based purely on the detector at an angle of 0° in line with the geometric hypothesis. The
shape of the cosine appears to closely follow the data points for the entire 180° range that
was measured.

Rotations about the z-axis

The split detector was used to measure at different angles of rotation about its z-axis.
Measurements were taken from -80° to 90° with 0° being the detector oriented horizontally
with crystal 1 looking down. In Figure the detector is shown at an angle of 90° in the
top right and 40° in the bottom left. Because of the way the setup was designed, both
crystals were closer to the ground at positive angles and further from the ground at
negative angles.

Figure shows the response of the split detector at various angles of rotation about the
z-axis. For rotations about the z-axis, more points are further removed from the geometric
hypothesis than for the rotations about the x-axis, however, the prediction is still within a
percentage point of the result.
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Figure 5.7: The distribution of the total counts vs the angle of rotation about the x-axis of the detector.
On the x-axis the angle of rotation, and on the y-axis the number of total counts in crystal 1 (blue) and
crystal 2 (red) divided by the number of total counts in both crystals. the number of total counts was scaled
for both crystals using the overall scaling factor that was determined in the calibration. A cosine is also
drawn in line with the geometric hypothesis, with 1o being determined from the measurement at an angle
of 0°.
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Figure 5.8: The distribution of the total counts vs the angle of rotation about the z-axis of the detector.
On the z-axis the angle of rotation, and on the y-axis the number of total counts in crystal 1 (blue) and
crystal 2 (red) divided by the number of total counts in both crystals. the number of total counts was scaled
for both crystals using the overall scaling factor that was determined in the calibration. A cosine is also
drawn in line with the geometric hypothesis, with 17y being determined from the measurement at an angle
of 0°.

5.5 Discussion and conclusion

When the split detector is rotated, its response is influenced. The change in response can
be approximated by a cosine of the angle, this was confirmed by both simulations and
measurements. Not only is the rate of change in 7’ slower at smaller angles due to a cosine
dependence, for equation this holds as well. while at 90°, equation diverges.
Because the change in response can be approximated by a cosine function, angular
fluctuations of less than 20° around 0° can be neglected. The change, caused by this
amount of rotation, will be smaller than 10 %, which are typical statistical uncertainties of
the radionuclide concentrations calculated from the spectra.

If the detector is used in a rotated orientation during a measurement, this can be
considered in the analysis of the measurement. An example of this could be a drone which
is pitched forward for the entire flight duration. In such a situation, the user of the split
detector should keep track of the orientation of the detector during the measurement,
which can be done if a UAV is used to perform the measurement which measures its own
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orientation. The orientation alongside a timestamp can be saved during a flight, these
flight angle measurements can be synchronised with the v-spectrum measurements so that
a correction can be applied. In the analysis of such a measurement, one can either try to
match the angle to Monte Carlo simulations of the split detector in the same angle, or
apply a correction based on equation [5.1] To apply a correction based on equation [5.1]
calculate the values of 1’ using equation using the known values of 7y and the angle,
then use equation to calculate the ?*?Rn and #*®U concentrations, using the adjusted
values of 1. Corrections can not be applied at 90°, at divide by 0 errors will appear in due
to all ' being zero.

More research can be done into the effect of rotations on the response of the split detector
by doing a full radionuclide analysis at several angles and seeing how the measured
concentration of each nuclide responds to rotations. Corrections may be applied to this
measurement, to see if applying the correction produces the same result regardless of
rotation.
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Chapter 6

Radon measurement with the split
detector

6.1 Introduction

The split detector was designed for the purpose of correcting for the presence of atmospheric
radon during a geophysical survey. With the detector having been calibrated, it was ready
to be deployed to see if it is capable of correcting for radon. In order to test this, the split
detector was deployed in a stationary measurement. During this measurement, the radon
concentration was monitored next to it using an independent and well validated method in
order to answer:

e Does the split detector correct for the presence of *>?Rn?
e Is the split detector capable of determining the *>’Rn concentration?

In this chapter, the experiment that was done to answer these questions is described in detail.
First, the location and setup of the experiment will be described. Then, the results of the
measurement will be presented and discussed, and finally these questions will be answered
in the conclusion.

6.2 Lutjewad

In order to test if the split detector is able to accurately determine the concentration of
atmospheric radon and soil uranium. It was necessary to do a measurement with the split
detector next to a different method of determining the atmospheric radon concentration.
The location that was chosen to perform the measurement was the Lutjewad atmospheric
measurement station.

The Lutjewad atmospheric measurement station, is owned and operated by The Center for
Isotope Research of the University of Groningen|57]. It is located just behind the Wadden
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Sea dyke near Hornhuizen in Groningen, The Netherlands.

The measurement station comprises a tall mast standing at 60 meters, accompanied by a
small laboratory building adjacent to it. The mast houses advanced equipment dedicated
to studying the greenhouse effect, featuring air inlets positioned at heights of 7, 40, and 60
meters.  These inlets facilitate the pumping of air into the laboratory.  Various
measurements are conducted on-site, and automated systems ensure that glass bottles are
filled to be taken to Groningen for further analysis. At Lutjewad measurements are done of
greenhouse gasses such as COy, CH; and NO, as well as tracers such as carbon isotopes,

COS and #?Rn[58].

Atmospheric concentrations of ??Rn are monitored using an ANSTO dual-flow loop
two-filter detector, as described by Whittlestone and Zahorowski in 1998[59].  The
measurements are taken at half-hourly intervals. The time it takes for air to travel from
the air inlet at 60 m height to the detector located in the laboratory is about 10 minutes.
The detector measures a-particles and is not energy selective, making it sensitive to both
ambient *°Rn (with a half-life of 55.6 seconds) and **?Rn. *°Rn is filtered out because it
takes air roughly 10 half-lives for air to reach the detector. To remove aerosols and
radioactive decay products, a filter is placed in front of the detector. The decay products of
222Rn are then sampled on a second filter inside a 1500 litre delay chamber, where their
decays are counted using a scintillator and a photomultiplier. = The measurement
uncertainty of the system depends on the total counts and the uncertainty of the ?**Rn
source used to calibrate the device. The uncertainty is typically around 5 %[60].

6.3 Experimental setup

The goal of the experiment was to measure the outdoor radon concentration with the split
detector and see if it could be used as a viable way to correct for its presence. To do this, it
is beneficial to measure at various outdoor radon concentrations such that a correlation can
be made with the radon concentrations that are measured by the detector from Lutjewad
and the split detector.

Prior to the experiment, the data from radon measurements done at Lutjewad from
January 2006 to January 2023 was assessed. The radon concentration at Lutjewad in this
period averaged 1.78 Bq/m? and had a median of 1.16 Bq/m? [24]. This is on the low end
compared to other geographical locations where averages have been reported up to 23
Bq/m?(25][26]. In theory, the split detector is able to reach a smaller statistical uncertainty
on the radon concentration if the radon concentration is larger. During the experiment,
variations in radon concentrations are desired. The radon concentration at Lutjewad is
mostly low, and peaks in radon concentration do not happen on a daily or even weekly
basis. Atmospheric radon concentrations are unpredictable, so it is not known when a peak
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Figure 6.1: A schematic picture of the measurement setup at Lutjewad. With on the left, the 60 m
Lutjewad mast with the air inlet that sucks in air for radon detection, and on the right the scaffolding on
which the split detector was placed.

will happen. During a period of a month, it seemed likely enough that a peak of up to at
least 5 Bq/m? would occur. For that reason, the split detector was deployed for at least a
month at Lutjewad during which it measured continuously.

Next to the 60 m mast, a 10 m high scaffolding is located, on top of which the detector was
placed. This is illustrated in Figure 6.1, Although the detector is meant to be weather
resistant, it would be outside for a long period of time. As a precaution to ensure that the
detector survives all weather conditions during the measurement, it was placed in a
waterproof plastic case. Power and Ethernet cables were pulled through waterproof cable
glands in the side of the case to power the detector and be able to connect to it remotely.
Foam was used to keep the detector in place.

The measurement geometry differs from the Monte Carlo simulations, where the detector
was free floating at 10 m above a perfectly flat soil with homogeneous sources of
radionuclides. The radionuclide distribution in the soil below it is unknown, on top of the
scaffolding, two measurement apparatuses are placed, and the scaffolding is placed next to
a sea dyke. These are shown in Figure [6.3] It was not researched how large of an impact
these geometry changes make, and for the spectrum analysis that was done the flatbed
Monte Carlo simulations described in [4.3.3] were used.

While a comprehensive investigation was not conducted to evaluate the impact of the
geometry differences, an estimation was made to assess their potential effects. The
scaffolding is expected to have a small impact since it is non-radioactive and thin,
primarily serving as a shield for radiation from below. The measurement apparatuses
shield radiation from a small solid angle, indicating they would likely have a minor
influence on the measurements. The sea dyke, being a substantial structure, is anticipated
to block almost all radiation travelling through it. With approximately 50 m of distance

%)



Radon measurement with the split detector 6.3 Experimental setup

Figure 6.2: The footprint of the Lutjewad measurement. With the concentric circles
indicating the which area of land would contribute 65, 95 and 99 % of the radiation from
the ground if it were flat. [61]

between the top of the dyke and the detector, most of the detector’s footprint remains
unaffected (se. Additionally, since the detector is positioned higher than the top of the
sea dyke, it does not obstruct horizontally travelling radiation. As the dyke is made of
earth, it contains radionuclides, which will contribute to the measured spectra.

The split detector was installed on the Lutjewad scaffold on March 15" 2023, with crystal
1 facing up. The detector measured in this orientation until May 12" 2023. On that day,
the detector was flipped, with crystal 2 facing up. The detector was flipped to see if it
would change the results. If there is an issue with the calibration, flipping the detector
could impact the results. This measurement is still ongoing at the moment of writing this
report. During this time, the detector continuously measured 7-ray spectra and PTH data
(Pressure, Temperature and Humidity). The detector output was set at 1 Hz.

6.3.1 Data processing

To ensure a consistent temporal spacing between data points and to minimize the data
volume for computational efficiency. The 1-second raw spectra were summed up on a
minute-by-minute basis, operating under the assumption that the temperature variations
within this timeframe would be minimal, as temperature changes can impact the raw
spectra. For PTH data, this involved calculating the average value per minute.
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Figure 6.3: Pictures of elements of the measurement setup in Lutjewad. With on the top left a picture
taken from the top of the scaffolding with a measurement apparatus on top of the scaffold and the 60 m
mast and Lutjewad laboratory building in the background. In the top right picture, the case within which
the split detector is located secured to the scaffold. In the bottom left, the split detector is seen inside the
opened case, this picture was taken inside the Medusa office. In the bottom right, a picture of the entire
scaffold structure with in the background the Wadden Sea dyke.
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The 1-minute PTH and spectrum data for each crystal was combined with the
corresponding calibration file and loaded into GAMMAN. GAMMAN is a software toolkit,
developed by Medusa Radiometrics BV, designed for the automated analysis of y-spectra
gathered during geophysical surveys. In order to synchronise with ?2Rn measurements of
Lutjewad, the 1-minute data was integrated into 30-minute intervals using GAMMAN,
which stabilises for temperature fluctuations within that period. GAMMAN conducted a
full spectral analysis for each 30-minute segment, enabling the determination of
radionuclide concentrations at 30-minute intervals.

For unknown reasons, there is no split detector data (PTH and spectrum) from 10:00 pm,
March 17th to 9:45 am, March 18th. The uptime of the detector indicated that the system
had been running continuously since the start of the experiment, so the detector was not
turned off during that time. At a few momentf] throughout the measurement, there is
either no PTH, or no spectrum data. Missing spectrum data is no problem, because each
spectrum is associated with a live time. Live time is used in the spectrum analysis, which
means this is automatically corrected for. The result is simply larger statistical uncertainty
when this occurs. Missing PTH data is a problem because this causes wrong temperatures
to be associated with spectraﬂ, which causes wrong temperature corrections to be applied
to the measured spectra. Therefore, spectrum data without associated PTH data was not
used in the analysis.

6.4 Results

The count rate measured by both detector crystals over time is shown in Figure[6.4] it is also
shown when it rains. The rain data that was used was taken from a weather station from the
KNMI located at Lauwersoog 12 km west of Lutjewad[62]. During the entire measurement,
the bottom crystal measured more counts per second than the top crystal. At some points
in time, large peaks can be seen in the count rate for both crystals. These peaks in count
rate appear to be coincident with rainfall.

The radionuclide concentrations that were determined by each crystal can be seen in Figure
6.5 again with rain data in the same figure. The calculated ?**U concentrations include 2?2Rn
contributions, no correction has been applied yet. The concentration of 223U has peaks in the
same way as the count rate during moments of rain, showing increases in concentration of
up to a factor. For ?2Th the measured concentration for the top crystal remained between
25.4 + 0.4 and 29.6 + 0.5 Bq/kg during dry periods. With rain, the measured concentration
drops, with a minimum of 22.0 + 0.4 Bq/kg. For the bottom crystal the values fluctuated less
with concentrations between 25.1 4 0.4 and 28.9 + 0.5 Bq/kg in dry periods. Concentrations

'With the 12-hour period of March 17th to March 18th excluded, this happens 10 times during the
measurement, with dead times ranging from 5 to 220 seconds

2Due to the way the output of the detector was processed, the temperature would always be 0°C when
this happens.

58



Radon measurement with the split detector 6.4 Results

—— Bottom count rate
400{ —— Top count rate 10
rain
= -8
5 3501
: o~
=
2 6 g
2 300 =
g =
= &
3 4
O 250 4
F2
2001 ‘J"
W /
: : : : : : —L0
4 0 |8 o 5 0 \8 @
v o & O e q\Db,'L > O JeeN . Pk
qg)"r'b '1«0’1 el ng, qg)"r'b '19’1 el "19’)’— qg)"r'b '1«0’1 el o ok

Figure 6.4: The timeline of the rain and count rate. With light blue bars indicating the rainfall in mm/h
on the left y-axis, and the count rate is shown on the left y-axis in counts per second.

were also less sensitive to rain in the bottom crystal, a minimum of 23.1 + 0.4 Bq/kg was
observed. For “°K, a similar pattern was observed for the top crystal, except now with a
range of 235 + 4 to 276 + 4 Bq/kg and a minimum of 208 4+ 5 Bq/kg during rain. For the
bottom crystal, concentrations in dry periods were observed between 249 + 4 and 285 =+ 4,
with a minimum of 250 + 4 Bq/kg during rain.

Figure displays the relationship between radionuclide concentrations and the count rate
measured in each crystal. In both crystals, the count rate is positively correlated to the 23U
concentration. The top and bottom crystal have a Pearson correlation coefficient of 0.98 and
0.97 respectively.

Figure shows the 23*U and ??Rn concentrations calculated from the uranium spectra
using equation next to the ??2Rn concentration measured by Lutjewad. Peaks in the
238U concentration still happen, but only during times of rain. The ??2Rn concentration
measured by Lutjewad is lower than that measured by the split detector.

Rain

During rain, peaks in count rate are observed. These peaks are attributed to an increase in
238U in both crystals of the split detector. The ??2Rn measurements from Lutjewad do not
indicate an increase in ?*?Rn of the same magnitude during times when this happens. A
possible explanation for this, is that ?*?Rn daughters in the atmosphere bind to aerosols
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Figure 6.5: The radionuclide concentrations calculated by each crystal and rain during the measurement.
With light blue bars indicating the rainfall in mm/h on the left y-axis, and the concentrations of the
radionuclides ¥7Cs, 232Th, 238U and the concentration of 4°K divided by 10 are shown on the left y-axis in
counts per second.

which fall to the ground when it rains. These daughters (**Pb and 2'Bi) are the most
prominent y-ray emitters in the 3*U decay chain. After rain, these daughters are suddenly
much closer to the detector, which explains why an increase in 2**U and ?2?Rn is observed.
The 222Rn detector from Lutjewad filters aerosols before measurement. As a result, these
peaks are not observed in their ?*2Rn measurement.

Split detector measurements during and shortly after rain are not an accurate
representation of the soil 2**U concentration and air 22Rn concentration. The soil now has
increased concentrations of ?'“Pb (T}, = 27.1 minutes), **Bi (772 = 19.7 minutes), and
the air is out of equilibrium. After 3 hours, the increased activity at ground level due to
these radionuclides should have reduced to about 1% and secular equilibrium should be
restored. For the rest of the analysis, the measurements during, and 3 hours after rain are
disregarded.
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Figure 6.6: The radionuclide concentrations vs the count rate for the top and bottom crystals. With
the radionuclide concentrations (*°K is divided by 10) on the y-axis and the count rate on the x-axis.

Dry results

In Figure [6.8] the detected concentration of **U in the top crystal, bottom crystal, and the
concentration determined by equation are plotted against the measured **?Rn
concentration by Lutjewad. Additionally, the measured ?*?Rn concentrations are plotted

against those of Lutjewad. The parameters of the linear fit and correlation coefficients are
shown in Table [6.1]

The 238U concentration for each individual crystal exhibits a positive correlation with the
222Rn concentration in the air. Upon applying Equation the 2%*U concentration shows
a correlation coefficient of r = —0.1.

The ?*Rn concentration measured by the split detector exhibits a higher value compared
to the measurement obtained by Lutjewad. The two ?22Rn measurements display a positive
correlation, with a correlation coefficient of »r = 0.64. To enhance the correlation between
the two, a Savitzky-Golay filter can be applied. By fitting a polynomial of order n
through m data points, the Savitzky-Golay filter reduces the noise, resulting in smoother
more gradual changes over time. The ?*?Rn data collected from the split detector is
susceptible to noise, this noise is reduced by employing the Savitzky-Golay filter.
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Figure 6.7: 238U and ?22Rn concentrations, measured by the split detector, and ???Rn concentration
measured by Lutjewad over time. The light green and pink points are 2*®U and ??2Rn measured by the split
detector during dry periods. The dark green and purple points are 238U and ?22Rn measured by the split
detector during and 3 hours after rain.

Slope | Intercept | r
222Rn 0.78 3.85 0.64
222Rn Smoothed | 0.73 | 3.91 0.88
2287 corrected | -0.13 | 16.48 -0.1
2281 Top 1.52 24.68 0.8
223U Bottom 0.64 20.32 0.66

Table 6.1: The parameters of the linear fit of the data shown in Figure

By limiting the window size to one day (m = 48) and the polynomial order to n = 4, the
highest correlation coefficient is achieved when m = 19 and n = 1. This was determined by
testing every combination within the limits and choosing the one with the highest
correlation coefficient. This implies that a polynomial of order 1 is fitted through the 19
values’] After applying the Savitzky-Golay filter with m = 19 and n = 1, the correlation

3Each point contains 30 minutes of data. A straight line is therefore fitted through 9 hours and 30 minutes
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Figure 6.8: The concentrations of 2**U and ??2Rn measured by the split detector vs the atmospheric
222Rn concentration measured by Lutjewad.
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Figure 6.9: The timeline of the ???Rn concentration in Bq/kg as measured by Lutjewad and the split
detector with crystal 1 facing up. The green line was obtained by applying a Savitzky-Golay filter of window
size 19 and polynomial order 1. The red line is the same as the green, but shifted and scaled by finding the
inverse of the linear fit of Figure F)El for the smoothed data y = 0.73z + 3.91.

coefficient is increased from r = 0.64 to » = 0.88. The resulting Savitzky-Golay filtered
222Rn concentration is illustrated over time in Figure These parameters were optimised
specifically for this dataset, these exact parameters may therefore not be optimal for other
data sets. The split detector ?22Rn measurement can be transformed to better match the
Lutjewad ?*?Rn measurement using the linear fit shown in Figure with the slope and
intercept found for 222Rn Smoothed in Table [6.1]

6.4.1 Flipping the detector

During the measurement using the split detector, it was observed that the concentrations
of the radionuclides were not equal in both crystals. For 23U that is in part due to radon,
but not for the other radionuclides. The top crystal measured about 5 % less “°K, and 41
% more ¥7Cs than the bottom crystal. The difference in 2*Th was only about 1 %. This is
shown in Table Additionally, the radon concentration measured by the split detector
was consistently higher than the radon concentration measured by Lutjewad.
Consequently, in order to proceed with the measurements, the detector was inverted, with
crystal 2 now facing upwards. The detector underwent flipping on May 12th, and only the
data collected until 2 pm on May 26th is considered for this analysis. It is noteworthy that
the ?2Rn data from Lutjewad is available until May 21st.

of data with values of n =1 and m =19
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Nuclide | Crystal 1 top | Crystal 2 bottom | Crystal 2 top | Crystal 1 bottom
0K 251.57 £ 0.07 | 265.85 %+ 0.06 260.9 + 0.2 279.6 = 0.2
B 28.82 + 0.01 | 22.38 & 0.01 26.67 = 0.02 | 22.33 £ 0.02
232Th 26.98 + 0.01 | 26.69 4+ 0.01 27.87 £ 0.02 | 26.88 £+ 0.01
137Cs 5.08 £+ 0.01 3.59 + 0.01 5.04 + 0.02 3.93 +£ 0.01

Table 6.2: The radionuclide concentrations in Bq/kg, measured by the crystal 1 and crystal 2 in both
orientations. This was calculated from the spectra of the entire measurement. *Note that 238U has differences
between top and bottom, in part due to the presence of 22?Rn.

After the detector was flipped, the mean concentrations it measured in each crystal
changed by less than 5 %. The top crystal again measured more 233U, 137Cs and ?*>Th and
the bottom again measured more %°K. The corrected uranium concentration in this
measurement was 18 + 2 Bq/kg. The correlation of the both measurements are shown in
Figure [6.10, and the parameters of linear fit and correlation coefficients are given in Table
6.3

Slope | Intercept | r
#22Rn 0.83 | 2.86 0.72
222Rn Smoothed | 0.81 2.89 0.93
2287 Corrected | -0.09 | 18.3 -0.08
228U Top 1.69 | 244 0.84
228U Bottom 0.74 | 21.2 0.73

Table 6.3: The parameters of the linear fit of the data shown in Figure

Similar as for crystal 1 facing up, the concentrations of 2**U in the top and bottom crystals
correlate positively with the radon concentration. After 2?2Rn correction, the 238U
concentration is weakly negatively correlated to the ???Rn concentration. With crystal 2
pointed up, the split detector consistently measures a higher concentration of ???Rn than
Lutjewad. The intercept of the linear fit is smaller with it being r = 2.89 instead of
r = 3.85. The two concentrations correlate positively in this orientation as well, with a
correlation coefficient of r = 0.72; and the correlation can again be improved (to r = 0.93),
by applying a Savitzky-Golay filter.
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Figure 6.10: The concentrations of 233U and 2?2Rn measured by the split detector with crystal 2 facing
up vs the atmospheric 22Rn concentration measured by Lutjewad.

The raw and Savitzky-Golay filtered data of the split detector ?22Rn data are shown
alongside the Lutjewad radon data in Figure [6.11] The split detector clearly measures a
higher 2?2Rn concentration than Lutjewad throughout the whole upside down
measurement. The split detector 22Rn measurement can be transformed to better match
the Lutjewad ?*Rn measurement using the linear fit shown in Figure [6.10) with the slope
and intercept found for 22Rn Smoothed in Table [6.3]
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Figure 6.11: The timeline of the >>Rn concentration in Bq/kg as measured by Lutjewad and the split
detector with crystal 2 facing up. The green line was obtained by applying a Savitzky-Golay filter of window
size 19 and polynomial order 1. The red line is the same as the green, but shifted and scaled by finding the
inverse of the linear fit of Figure[6.10] for the smoothed data y = 0.81z + 2.89.

6.5 Discussion and conclusions

The split detector is designed as a measurement tool to compensate for the presence of
222Rn during geophysical surveys. In order to evaluate its effectiveness, the split detector
was employed for a stationary measurement at Lutjewad, an atmospheric measurement
station. In this context, the response of the detectors could be correlated with the
atmospheric concentrations of ??Rn that were measured at Lutjewad.

During rain, the split detector proves to be ineffective in terms of correcting for ??Rn or
determining 238U concentrations in the soil.  Significant spikes in 2**U radiation are
observed during this period, attributable to radioactive aerosols that settle with the
rainfall. Peaks in concentration are already measured at less than 0.5 mm/h of rain. As a
consequence, the measured concentrations of atmospheric **?Rn and U in the soil
become distorted. This result substantiates the work done in 2011 by Bottardi et al. [19].

6.5.1 Split detector as a ?>’Rn correction method

During the measurement process, there is a positive correlation between the 238U
concentrations in the upper and lower crystals and the atmospheric ?22Rn concentration.
This correlation confirms that ??2Rn acts as a background factor in geophysical ~-ray
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surveys. After applying the ?**Rn correction method (equation , we obtained a 23U
concentration that exhibits a small negative correlation with crystal 1 (r = —0.1) or crystal
2 (r = —0.08) looking up with respect to the atmospheric **?Rn concentration. The
coefficient of determination, R?, measures the proportion of the variance in the 23U
concentration that can be explained by the variance in the 2**U concentration measured by
Lutjewad. In the measurement with crystal 1 up, this means, R? = 0.01, indicating that
only 1% of the variance in the ?**U concentration can be explained by the variance in the
Lutjewad measurements. Therefore, the split detector ?*Rn correction method
successfully removes the influence of ?>?Rn on the measured ?**U concentration
in geophysical surveys.

While the split detector was able to successfully reduce the ???Rn dependence in the
measurement of the 238U concentration, the intercepts of the linear regressions for the 23U
concentrations in the upper and lower crystal regions did not align. Assuming Lutjewad
measures the true value of ??2Rn, this suggests that there is some inaccuracy in the
theoretical model, or calibration of the device. Naively applying the correction method,
different intercepts lead to an adjusted ?**U concentration, even without ?*?Rn presence.

Flipping the detector already changed the parameters of the linear fits, this indicates that
the detector is sensitive to changes. More research can be done to look to optimize
calibration parameters more in order to find more accurate absolute values of the 238U
concentration. For this, a different method of measuring the #**U concentration can be
done around Lutjewad can be done to check the accuracy of the measurement that was
done first.

Inaccuracies in the theoretical model could include the differences in geometry between
simulation and reality. This can be checked by designing a simulation which is more similar
to the measurement situation (include the Wadden Sea dyke and scaffold) and analysing
the data using that simulation. The 2*?Th, 3"Cs and °K concentrations should ideally be
the same in both crystals. In the orientation with crystal 1 on top, 2**Th was almost the
same in both crystals, otherwise this was not the case. A difference in simulation and
reality could also be responsible for these changes. With 137Cs, the difference might be due
to how low the concentrations present at Lutjewad are. Removing *"Cs from the analysis
may change the concentrations of the other radionuclides, and should thus be attempted to
see how the results change.

6.5.2 The split detector as a >’ Rn measurement system

The measurements of ??2Rn obtained from the split detector exhibit a correlation with the
measurements from Lutjewad, with correlation coefficients of » = 0.64 with crystal 1 on top
and r = 0.72 with crystal 2 on top; however, they do not yield identical results.
Additionally, the data obtained in 30-minute intervals has noise due to the statistical
uncertainty of measurements. By applying a Savitzky-Golay filter, the ?*?Rn signal is
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smoothed, resulting in an improvement in the correlation between the *2Rn measurements
from both sources. The correlation coefficients are improved to r = 0.88 with crystal 1 on
top and » = 0.93 with crystal 2 on top. However, in this particular case, the
Savitzky-Golay filter was applied to points with a time interval of 30 minutes between
them. The optimal correlation was achieved by smoothing over a time period of 9 hours
and 30 minutes. Which is much longer than a typical geophysical survey, especially with a
drone. To use the split detector as a ?*?Rn measurement device, it is best used for periods
of time that allow Savitzky-Golay filters with a window size m of several hours to be
applied.

A linear regression analysis performed on the ??Rn measurements of both the split
detector and Lutjewad reveals a non-zero intercept. Assuming Lutjewad measures the true
value of 2?2Rn, this suggests that there is some inaccuracy in the theoretical model, or
calibration of the device. A solution in this scenario was to use the linear regression slope
and intercept to transform the split detector 2??Rn data such that it matches that of
Lutjewad. This solution is essentially an extra calibration step for the situation where you
would want to use the split detector as an atmospheric ?*? Rn monitoring device. The linear
fit correction to the ??2Rn measurement is specific to a measurement geometry, detector
orientation, and can not generally be applied for 222Rn measurements.

The deviation in the measured 2?2Rn concentration between the split detector and
Lutjewad could stem from either a disparity between the theoretical model used in
simulations and the actual measurement conditions, or a calibration issue with the detector
itself. To investigate the calibration problem, an experiment was conducted by flipping the
detector upside down. This test resulted in slightly different values for each radionuclide,
but it did not eliminate the disparity in measured ?2Rn concentrations. The discrepancy
in measured ???Rn concentrations between the split detector and Lutjewad, can in part be
attributed to a difference between the theoretical model and the real-life conditions.
Further research is required to better understand why Lutjewad and the split detector
measure a different concentration of *??Rn, including simulations which include more
features of the measurement geometry and perhaps non-homogeneous ?2Rn concentrations.

The split detector can be used as an atmospheric **Rn detector, however more

research is required to make sure it can be calibrated to determine the correct
amounts of **Rn.
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Chapter 7

Discussion and Conclusion

This thesis encompasses a research project conducted at Medusa Radiometrics, a company
specializing in the development and production of v-ray spectrometers and accompanying
analysis software. Their v-ray spectrometers are specifically designed for application in
geophysical surveys. Geophysical v-ray surveys aim to assess the concentrations of various
radionuclides present in the soil, with a primary focus on *°K, 23?Th, and 23%U. By
acquiring knowledge of radionuclide concentrations in the soil, ~-ray spectrometers
indirectly provide valuable insights into other soil properties.

One of the radionuclides in this context is ??2Rn, a noble gas that is generated as part of
the decay chain of 238U and is naturally present in the ground. After its production, ?*?Rn
has the ability to escape from the soil into the atmosphere, where it subsequently
undergoes radioactive decay. The challenge arises because the ~v-ray spectrum emitted by
22Rn is similar to that of 2%®U. Consequently, this can lead to measured 23%U
concentrations in the soil that appear higher than their actual values.

Multiple techniques have been developed to address the issue of ???Rn presence, with most
of them originally designed for airborne ~-ray surveys. In the research conducted by S. van
der Veeke [11], two novel **?Rn correction methods were introduced specifically for
UAV-based geophysical v-ray surveys. One of these approaches involved the utilization of a
split ~-ray spectrometer, which consists of two scintillation crystals: one positioned
upwards and the other downwards. This detector exhibits directional sensitivity, enabling
it to differentiate between ?3¥U-related radiation originating from the ground (associated
with #3¥U) and radiation stemming from the air (linked to #*?Rn). To validate the concept,
a prototype of this split detector was constructed by Medusa Radiometrics.
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7.1 Calibration

The split detector underwent a calibration process involving several steps. Initially, Monte
Carlo simulations were employed to determine the theoretical response of the split detector
within the calibration setup at Medusa Radiometrics, known as Stonehenge. This
theoretical response was subsequently compared to the actual measurement obtained using
the split detector in the Stonehenge calibration setup. This comparison facilitated the
determination of calibration parameters. With the calibration parameters established, the
detector can be utilized in simulations of various geometries, enabling its application in
geophysical surveys.

The split detector’s directional sensitivity allowed for the assessment of radiation isotropy
at Stonehenge, revealing that it was not evenly distributed in all directions. The
simulations indicated 0.7 & 0.1 % (0.4 + 0.1% for °K) higher radiation intensity
originating from above, whereas the measurements indicated a higher intensity of radiation
coming from below. For crystal 1 and crystal 2 respectively, 1.6 = 0.1 % and 0.7 £ 0.1 %
higher intensity was measured when facing down.

Additional investigations of the Stonehenge calibration setup can be conducted to explore
its horizontal asymmetry. This can be accomplished by conducting measurements and
simulations within the setup while orienting the detector in such a way that each crystal
faces a horizontal direction. If it is discovered that Stonehenge is more symmetric
horizontally in both simulation and reality, this approach would provide a more accurate
calibration method with reduced disparities between simulation and real-world
measurements.

7.2 Rotations

The directional sensitivity of the split detector can introduce errors in the estimation of
radionuclide concentrations if it is not positioned correctly during a survey. To investigate
the rotational dependence of the split detector, both simulations and measurements were
conducted. A geometric hypothesis was formulated suggesting that the relative radiation
intensity measured by each crystal could be approximated by a cosine function. The
geometric hypothesis was shown to be a good approximation in both measurement and
simulation. The simulations revealed a slight deviation of 0.5 percentage points from this
expected behaviour for rotations around the detector’s z-axis for atmospheric ***Rn (refer

to Figure .

The geometric hypothesis is close enough that it can be applied as a correction method in
field measurements. This however should still be tested by measuring at multiple angles
and applying corrections based up equation It can also be tested in the context of a
geophysical survey with a UAV, which collects angular data during the flight. Uncorrected
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and corrected measurements can be compared to see if corrections are necessary during
geophysical surveys.

7.3 Radon measurement

The detector was deployed for a stationary measurement at the Lutjewad atmospheric
measurement station. Here, the measurements of the split detector could be correlated
with 222Rn measurements done at Lutjewad.

Based on the findings, it is advised not to utilize the split detector during rain. This is
because the radioactive daughters of 2?2Rn, which are attached to aerosols, tend to settle
on the ground during rainfall. Consequently, if the detector is used in such conditions, it
will register elevated concentrations of 238U.

The investigation revealed that after implementing the 2?2Rn correction for the 23U
concentration, there is minimal to no correlation of the measured #**U in the ground with
the atmospheric ???Rn concentration. This indicates that the split detector method
effectively eliminates the ?*?Rn background during geophysical measurements.

It was observed that the ?2Rn concentration measured by the split detector is higher than
that measured by Lutjewad. This is related to the fact that with the used model, the linear
fit predicts that a different *®U concentration would be measured by both crystals even in
absence of #22Rn. This leads to the hypothesis that the measured 238U concentration is
underestimated and a ??2Rn concentration is overestimated. This can be tested by doing an
independent measurement of the ?¥U concentration in the ground at Lutjewad, which
would confirm if the #*¥U concentration is underestimated.

The ?*2Rn concentration measured by the split detector does exhibit correlation with the
measurements obtained by Lutjewad. However, the data collected by the split detector is
characterized by a significant amount of noise. To enhance the correlation between the two
222Rn measurements, a Savitzky-Golay filter can be applied. It is important to note that
this filtering method performs better with a larger dataset.  Therefore, a longer
measurement time is preferable when utilizing the split detector as a ?*?Rn detector. Long
measurements are not practical or necessary in the context of geophysical surveys, where
the goal is to measure the radionuclide concentrations in the ground rather than in the air.
If the goal is to use the split detector for the purpose of atmospheric 2?2Rn monitoring, the
Savitzky-Golay filter is a useful tool to smoothen out the acquired data.

Further research is necessary to validate its accuracy in measuring both ???Rn and 23U
concentrations, as well a 4°K, 22Th and 3"Cs. This includes analysis of the data acquired
at Lutjewad without the inclusion of '37Cs and/or with simulations that more closely
match the measurement geometry. Additionally, the split detector is yet to be used during
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a geophysical survey. Performing a geophysical survey with the split detector, will come
with additional challenges, such as matching the radionuclide concentrations measured by
the top and bottom crystal. Refinement of calibration parameters can be done to improve
the reliability and precision of the measurements obtained using the split detector.

To conclude, the split detector demonstrates promise as an effective tool for mitigating the
influence of ?*?Rn signals in geophysical surveys.
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