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Abstract
Measurements of the space radiation environment in Low Earth Orbit (LEO) are critical for satellite
safety and operations. However, the inherent shielding of a spacecraft alters the incident radiation
field, complicating efforts to reconstruct the true external environment from measurements taken by
internal detectors. This thesis investigates the feasibility of developing shielding correction factors for
proton radiation measured by a Timepix3 (TPX3) detector.

The research was conducted using the Geant4 Monte Carlo toolkit to model the transport of protons
through a 5mm aluminium shield. This simulation framework was first validated against data from
ground-based proton accelerator experiments. Empirical models for correcting kinetic energy reduction
and particle transmission were then successfully derived from the simulation data.

The validation process confirmed the simulation’s accuracy for high-energy protons (>70MeV) but
revealed a systematic overestimation of energy loss at lower energies (<40MeV). The investigation
into applying the correction factors uncovered a more basic limitation: an inherent ambiguity exists
in the relationship between a proton’s deposited energy ( ) and its kinetic energy ( ), which
prevents a reliable, direct conversion from the detector’s measurements.

It is therefore concluded that while theoretical correction models can be formulated, their practical
application to shielded detector data is impractical due to the main challenge of reconstructing the
incident energy of detected particles.
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Introduction

Satellites operating in Low Earth Orbit (LEO) are constantly exposed to a harsh radiation environment.
[35] This radiation poses a significant risk to sensitive electronic components, leading to performance
degradation and potential mission failure. The large fraction of spacecraft anomalies due to radiation
can be seen in Figure 1.1.

Figure 1.1: Distribution of spacecraft anomalies caused by the space environment. Radiation is the single largest contributor,
responsible for 45% of failures. Source: [14]

The space radiation environment is a complex field composed of particles from multiple sources,
including trapped particles in planetary magnetospheres, solar events, and galactic cosmic rays, as
illustrated in Figure 1.2. Understanding this external field is very important for mission design and
safety. However, a significant challenge arises from the fact that measurements are typically conducted
from within the spacecraft itself.
While shielding is used to protect these components, it also alters the energy and composition of the
radiation field, making it difficult to determine the true external environment from measurements taken
inside the spacecraft. The primary objective of this thesis is therefore to investigate the feasibility of
developing correction factors to account for these shielding effects, with a focus on the proton radiation
measured by the Timepix3 detector aboard OneWeb’s JoeySat.
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Figure 1.2: An overview of the primary sources of the space radiation environment. Source: [38]

This thesis is structured as follows. Chapter 2 provides a theoretical background on the space radiation
environment and the fundamental principles of particle transport through matter. Chapter 3 details
the methods and tools used in this research, with a focus on the Geant4 Monte Carlo simulation
toolkit. Chapter 4 covers the validation of the simulation model against data from in-beam calibration
experiments. Chapter 5 presents the results of the primary simulation of space radiation in a LEO orbit
and analyses the shielding effects. Chapter 6 elaborates on the derivation of the shielding correction
factors and discusses their application to satellite data. Finally, Chapter 7 presents the overall conclusion
of this work and provides recommendations for future research.
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0
Radiation Environments, Transport, and

Effects of Shielding
This chapter provides the theoretical background necessary to understand the central research problem
of this thesis. It begins by defining ionising radiation, its constituent particles, and the physical quantities
used to characterise a radiation field. The chapter then explores the fundamental principles of how
these particles interact with matter, which leads into a discussion of shielding techniques and their
effects. The concepts presented form the basis for interpreting the simulation methodologies and
results detailed in the following chapters. Additional background info can be found in Appendix C.

2.1. Ionising Radiation, Types, and Components
Radiation is broadly defined as the emission and transfer of energy through space or matter, in the
form of energetic particles or electromagnetic waves.
There are many ways of classifying or describing the various particles and waves that fall under the
term radiation. One such way is to divide this according to mass (heavy or light) and charge (charged
or neutral). Using this method of classification, an overview can be made as seen in Figure 2.1.

Figure 2.1: Classification of Particles according to Kónya et al. (2012) [26]
.

From top to bottom and from left to right, the particles are protons, deuterium, tritium, alpha particles,
and heavy ions without electrons for the heavy charged particles. Negative beta particles, electrons,
and positive beta particles have a lower mass and are therefore in the light charged group. Neutrons
belong in the heavy neutral class and lastly, the -rays, X-rays, and the neutrinos. One should note
that -rays and X-rays are technically not particles but part of the electromagnetic spectrum and can
thus be seen as photons [26].

Focuswill be on ionising radiation as these have the ability to remove electrons from atoms ormolecules,
thereby ionising them. This is what causes damage to materials and biological tissue [12, 33]
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2.2. Radiation Interaction with Matter

2.1.1. Characterising the Radiation Field
To describe and measure a radiation field, several physical quantities, or degrees of freedom, are used.
The most fundamental of these are the particle’s intensity, energy, and direction.

• Intensity (Flux and Fluence): In radiation physics, intensity is typically described by flux, defined
as the number of particles passing through a unit area per unit time (e.g., particles/cm /s). When
integrated over time, this gives the fluence. The flux is the primary determinant of the radiation
dose rate. In the context of shielding, the reduction in intensity is often described as a transmission
percentage, which is the ratio of the flux measured behind the shield to the incident flux.

• Energy: This is a crucial parameter that is often distinguished in two ways: the kinetic energy of
a particle as it travels through space, and the deposited energy, which is the amount of energy
a particle loses as it passes through a material, such as a detector sensor. As will be discussed,
the relationship between these two energy types is a central challenge of this research.

• Direction: This refers to the trajectory of a particle. While the radiation environment in LEO is
largely isotropic (arriving from all directions), a particle’s angle of incidence significantly impacts
its path length through shielding and the detector, which in turn affects the resulting measurement.

2.2. Radiation Interaction with Matter
Radiation interacts with matter in several ways, including interacting with orbital electrons, the nuclear
field, or the nucleus itself. During these interactions, radiation particles may transfer some or all of their
energy to the material, leading to various results such as absorption or scattering, which can be either
elastic or inelastic. These interactions may result in the excitation or ionisation of the material, or in
some cases, nuclear reactions or nuclear resonancesmay occur. The strength of these interactions can
vary, ranging from weak to strong depending on the specific conditions [26]. The various possibilities
of these interactions of radiation in matter is summarised in Figure 2.2.

Figure 2.2: Interaction of radiation with matter according to Kónya et al. (2012) [26]

In Figure 2.2, the left three branches relate to the effects on the radiation, while the right three branches
depict the changes induced in matter [26]. One should note that another branch can be added to the
changes on the matter, namely ionisation. Below, a small overview of all these effects will be given.

• Change of Energy: the radiation particle loses energy as it interacts with the material, either
through inelastic collisions or other mechanisms.

• Scattering: the incident particle changes direction after interacting with the material. This can
occur elastically (no energy loss) or inelastically (with energy transfer). In some cases, the particle
may produce secondary particles during the interaction.

• Absorption: the radiation particle transfers all its energy to the material and ceases to exist as a
distinct particle. This process often involves the complete absorption of photons or particles like
neutrons.

• Excitation: an electron in an atom absorbs part of the radiation’s energy and is elevated to a
higher energy shell. The electron later drops back to its ground state, releasing energy. Similarly,
the nucleus can be excited to a higher energy state and return to its ground state, typically emitting
gamma radiation.

4



2.3. Shielding Techniques and Effects

• Nuclear Reaction: when radiation interacts with the nucleus of an atom, it may alter the nucleus’s
structure or composition. This can result in processes like fission (splitting of the nucleus), fusion
(combining of nuclei), or the formation of a new isotope.

• Ionisation: ionisation occurs when a radiation particle transfers enough energy to completely
remove an electron from an atom, leaving behind a positively charged ion.

2.3. Shielding Techniques and Effects
In conventional radiation protection, there are three ways of mitigating radiation: 1) increase distance
between subject and source; 2) minimise duration of exposure and 3) use shielding between subject
and source. In space, the first one is not possible due to the isotropic distribution of space radiation. The
second one is only in a limited extend possible, for example by optimising spacecraft trajectories when
crossing the radiation belts or reduce the cruise duration in deep space missions. Therefore, shielding
is the only option to attenuate the received doses by both spacecraft and astronauts. [39, 12]. In this
Section, active and passive shielding will be discussed and their effects on the radiation.

2.3.1. Active & Passive Shielding
This subsection covers two shielding types: active shielding which makes use of actively deflecting
the caharged particles, and passive shielding which focuses on stopping, absorbing or attenuating the
radiation by adding material between the source and target.

Active Shielding
In his 2001 paper, Townsend provides a foundational overview of active shielding methods to protect
spacecraft from space radiation [44]. His study covers four primary methods, each presenting their
own challenges, particularly in shielding against GCRs:

• Electrostatic Fields: Townsend determined that electrostatic shields, while capable of deflecting
charged particles, are impractical for GCR shielding due to the extreme voltages required, far
exceeding the technological limits of that time.

• Plasma Shielding: the plasma shielding concepts involve creating a controlled plasma around
the spacecraft using an electrostatic field to repel positively charged particles. Although it looked
promising for SEPs, the method faces big challenges for GCR shielding due to plasma instability
and high power requirements.

• Confined Magnetic Fields: magnetic fields confined close to the spacecraft have shown some
success in SEP shielding but are ineffective against GCRs, with findings suggesting that passive
bulk shielding may yield better results with similar mass requirements.

• Unconfined Magnetic Fields: this approach, which involves extending a magnetic field beyond
the spacecraft, was primarily developed for space colonies and found to be potentially feasible
for SEP shielding. However, the prohibitive mass requirements and complexity make it difficult to
implement for GCR protection.

Although Townsend’s review was written in 2001, little progress has beenmade in making these options
feasible, largely due to the technical and engineering challenges that remain for these methods [47, 30].
In general, these active shielding concepts remain largely theoretical, and significant advancements in
technology are required before practical implementation can be considered for future missions [43].

Passive Shielding
Passive shielding is currently the most practical and effective method to mitigate the effects of space
radiation, particularly for long-term missions in interplanetary space [11]. By placing physical materials
between the radiation source and the subject, passive shielding reduces the radiation dose through
mechanisms like absorption, scattering, and nuclear fragmentation [32]. Unlike other strategies, such
as active shielding, which remain technically and energetically challenging as discussed above, passive
shielding is well-established and deployable in current spacecraft designs. This section explores the
principles of passive shielding, evaluates promising materials, and discusses the challenges of fully
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2.3. Shielding Techniques and Effects

mitigating radiation risks.

Passive shielding works by attenuating incoming radiation through interactions with thematerial. High-energy
particles, such as galactic cosmic rays (GCRs) and solar energetic particles (SEPs), lose energy
via electromagnetic interactions, scattering, or breaking into lighter nuclei and neutrons as discussed
earlier in this chapter [32]. For example, shielding materials like aluminium or polyethylene attenuate
radiation by reducing the energy and altering the fluence of particles passing through them [30]. A
visualisation of these interactions can be seen in Figure 2.3

Figure 2.3: A schematic of the space radiation environment inside and outside a spacecraft, illustrating the transformation of
primary particles into a secondary radiation field by shielding. Source: [14]

In terrestrial applications, increasing material thickness generally increases shielding effectiveness.
However, in the space environment, the high-energy nature of GCRs complicates this relationship.
GCR interactions with shielding can produce secondary particles, such as neutrons, whichmay increase
the effective dose [30]. This makes the choice of material crucial to balancing the attenuation of primary
particles while minimising secondary radiation, and at the same time, optimising the weight.

Both energy loss and changes in particle fluence are related to the number of atoms per unit mass,
which is proportional to Avogadro’s number divided by the atomic mass number (A) for each element
in the material. The energy loss by ionisation for a single element is proportional to Z/A, where Z is
the atomic number, as it determines the number of electrons per atom. However, the energy loss per
gram of material (mass stopping power) is inversely proportional to the material density ( ) [12].

In terms of nuclear interactions, the number of nuclear reactions per unit mass and per unit incident
fluence is proportional to /A, where is the nuclear reaction cross section. To a first approximation,
scales with / , making the nuclear transmission proportional to 1/ / . The ratio of electronic stopping
power to nuclear interaction transmission is therefore proportional to (Z/ρ) / [12]. This shows that
materials with low atomic mass are favoured.

Lightweight materials like hydrogen and carbon are particularly effective, as they have higher Z/A ratios
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2.4. Chapter Summary and Thesis Focus

compared to heavier materials. For instance, Z/A is 1 for hydrogen, 0.5 for carbon, 0.48 for aluminium,
0.46 for iron, and 0.40 for lead. Additionally, the ratio of ionisation energy loss to nuclear interactions
depends on the material density. For liquid hydrogen ( =0.07 / ), the ratio is approximately 14,
whereas for aluminium ( =2.7 / ) and lead ( =11.3 / ), the ratios are only 0.5 and 0.2, respectively
[12].

Historically, shielding addressed only acute risks, with aluminium as the standard material during the
Apollo era [3]. Aluminium, still commonly used in spacecraft construction, provides structural support
but producesmore secondary particles than hydrogen-richmaterials [32]. Later, materials like polyethylene
(high hydrogen-content) were added, as seen in the ISS, where it reduces radiation doses by approximately
20% in crew sleeping quarters. Water is another promising material, with experimental setups on the
ISS showing up to 37% dose reduction using water-soaked towels [10, 30].

Research into advanced materials has identified several promising options for passive shielding.
Hydrogen-rich materials, such as polymers reinforced with nano-fillers, are particularly effective due to
their high stopping power and reduced secondary radiation production [13]. For instance, polyethylene
composites enhanced with carbon nanotubes offer both lightweight properties and efficient shielding
[13].

Liquid hydrogen, while highly effective in reducing radiation due to its high energy loss to nuclear
interaction ratio, poses challenges in storage and handling [39]. Other materials like water, serve as a
versatile shielding material, providing both radiation protection and a potential resource for life support
systems in long-term missions [30].

While passive shielding remains the best option for current space missions, it is not without limitations.
Shielding is only partially effective against high-energy GCRs, whose long ranges make complete
attenuation infeasible. Increasing shield thicknessmayworsen secondary radiation production, requiring
careful material selection to balance protection and weight constraints [30].

Additionally, current knowledge of the stochastic effects of heavy ions in GCRs is insufficient to provide
precise risk estimates for long-term missions, underscoring the need for further research into shielding
materials and their interactions with high-energy particles, but also for a detailed composition of the
radiation fields [39, 12].

2.4. Chapter Summary and Thesis Focus
This chapter has reviewed the principles of the space radiation environment, the nature of particle
interactions with matter, and the role of shielding in mitigating radiation effects. It has established
that while various strategies exist, passive shielding with common structural materials like aluminium
remains the standard for most spacecraft.
With this theoretical background in place, the remainder of this thesis will focus specifically on modelling
the effects of a passive aluminium shield on the LEO proton environment. The specific simulation tools
and methodologies developed to conduct this investigation are detailed in the following chapter.
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1
Methods & Tools

This chapter outlines the methodological framework and tools used to analyse the effect of shielding
in the context of the space radiation environment in LEO. In Section 3.1, an overview of the research
methodology is given. Afterwards, the experimental data acquisition is discussed in Section 3.2. This
then ties into the simulation framework which was set up for this research which is elaborated upon
in Section 3.3. Lastly, in Section 3.4, an explanation is given how the data and simulation outputs are
processed and which other tools are used in this research.

3.1. Overview of Research Methodology
This study follows a simulation-driven methodology supported by experimental validation and in-orbit
satellite data. The research approach began with a literature review to gain a deep understanding
of radiation transport through matter and radiation shielding in space environments. Monte Carlo
simulations were designed and implemented using Geant4, first to replicate on-Earth mono-energetic
beam experiments for validation purposes, and later tomodel the isotropic space radiation environment.
Important steps included the analysis of particle intensity, energy spectra, and secondary particle
generation behind shielding which formed the basis for making the correction factors in this thesis.
A big challenge, however, is that these correction factors are dependent on a particle’s incident kinetic
energy. The Timepix3 detector does not measure this value directly. Instead, it measures the deposited
energy left by a particle as it passes through the sensor. Therefore, to apply any correction factor to the
detector’s measurements, a method to first reconstruct the kinetic energy from the measured deposited
energy is required. To investigate this step, a backwards propagation model based on the Bethe-Bloch
equation was developed and tested on simulated data.

3.2. Experimental Data, Radiation Measurements
In this section, the data acquisition from the Timepix3 detector is discussed. First, in Section 3.2.1, a
description of the detector itself will be given. Afterwards, the ground-based experiments are desribed
in Section 3.2.2. In Section 3.2.3, a short overview is given of the data collection by the TPX3 detector
on board OneWeb’s JoeySat.

3.2.1. Timepix3 Detector
The Timepix3 detector is a compact, low-power imaging and particle tracking device with a 256x256
pixel array (14mmÕ14mmsensitive area). In this case it uses a 500µm thick silicon sensor material.
Other variations exist with various thicknesses of Silicon (Si) or CadmiumTelluride (CdTe). This detector
is capable of recording the position, energy, time of arrival, and track shape of individual ionising
particles, such as protons, electrons, and X-ray photons. From the track shape, additional parameters
like particle type, direction of flight, Linear Energy Transfer (LET), and charge can be determined. The
data can be read out instantly in pixel mode at up to 2.3 million hit pixels per second, or accumulated in
frame mode and read out at a maximum of 16 frames per second. When an ionising particle interacts
with the sensor, it generates an electric charge that is collected by an electric field and amplified in
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�G�H�W�H�F�W�R�U�� �,�Q �*�H�D�Q�W���� �D �´�K�L�W�´ �L�V �U�H�F�R�U�G�H�G �I�R�U �W�K�H �H�[�D�F�W �S�L�[�H�O �D �S�D�U�W�L�F�O�H �W�U�D�Y�H�U�V�H�V�� �7�K�H �S�K�\�V�L�F�D�O �G�H�W�H�F�W�R�U��
�K�R�Z�H�Y�H�U�� �U�H�F�R�Q�V�W�U�X�F�W�V �D �S�D�U�W�L�F�O�H �´�W�U�D�F�N�´ �I�U�R�P �D �F�O�X�V�W�H�U �R�I �D�F�W�L�Y�D�W�H�G �S�L�[�H�O�V�� �6�L�P�X�O�D�W�L�Q�J �W�K�L�V �F�O�X�V�W�H�U�L�Q�J
�S�U�R�F�H�V�V �Z�D�V �F�R�Q�V�L�G�H�U�H�G �R�X�W�V�L�G�H �W�K�H �V�F�R�S�H �R�I �W�K�L�V �U�H�V�H�D�U�F�K�� �E�X�W �F�R�X�O�G �E�H �D �Y�D�O�X�D�E�O�H �D�G�G�L�W�L�R�Q �I�R�U �I�X�W�X�U�H

�� �K�W�W�S�V�������Z�L�N�L���D�G�Y�D�F�D�P���F�]���L�Q�G�H�[���S�K�S���'�3�(

����



���������'�D�W�D �3�U�R�F�H�V�V�L�Q�J �	 �$�Q�D�O�\�V�L�V

�Y�D�O�L�G�D�W�L�R�Q �H�I�I�R�U�W�V�� �7�K�L�V �G�L�I�I�H�U�H�Q�F�H �L�V �D�O�V�R �Z�K�\ �W�K�L�V �Z�R�U�N �I�R�F�X�V�H�V �R�Q �S�D�U�W�L�F�O�H �F�R�X�Q�W�V �D�Q�G �L�Q�W�H�Q�V�L�W�\ �U�D�W�K�H�U
�W�K�D�Q �I�O�X�[�� �D�V �W�K�H �F�R�Q�F�H�S�W �R�I �D �F�R�O�O�H�F�W�L�Q�J �D�U�H�D �R�Y�H�U �W�L�P�H �L�V �Q�R�W �G�L�U�H�F�W�O�\ �D�Q�D�O�R�J�R�X�V �L�Q �W�K�H �V�L�P�X�O�D�W�L�R�Q��
�7�K�H �F�D�O�F�X�O�D�W�L�R�Q �R�I �/�L�Q�H�D�U �(�Q�H�U�J�\ �7�U�D�Q�V�I�H�U ���/�(�7�� �D�O�V�R �S�U�H�V�H�Q�W�V �D �G�L�V�F�U�H�S�D�Q�F�\�� �,�Q �W�K�L�V �Z�R�U�N�� �W�K�H �V�L�P�X�O�D�W�H�G
�/�(�7 �L�V �F�D�O�F�X�O�D�W�H�G �E�\ �G�L�Y�L�G�L�Q�J �W�K�H �G�H�S�R�V�L�W�H�G �H�Q�H�U�J�\ �E�\ �W�K�H �S�D�U�W�L�F�O�H�¶�V �S�K�\�V�L�F�D�O �V�W�H�S �O�H�Q�J�W�K �L�Q �W�K�H �V�H�Q�V�R�U
���µ�D�6�W�H�S���!�*�H�W�6�W�H�S�/�H�Q�J�W�K�����µ���� �7�K�L�V �L�V �D �S�K�\�V�L�F�D�O�O�\ �D�F�F�X�U�D�W�H �G�H�I�L�Q�L�W�L�R�Q�� �+�R�Z�H�Y�H�U�� �W�K�H �/�(�7 �S�U�R�Y�L�G�H�G �E�\ �W�K�H
�7�3�;�� �G�H�W�H�F�W�R�U�¶�V �S�R�V�W���S�U�R�F�H�V�V�L�Q�J �L�V �E�D�V�H�G �R�Q �D �P�R�U�H �F�R�P�S�O�H�[ �W�U�D�F�N �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q �D�O�J�R�U�L�W�K�P�� �,�W �Z�D�V
�R�E�V�H�U�Y�H�G �L�Q �W�K�H �Y�D�O�L�G�D�W�L�R�Q �F�K�D�S�W�H�U �W�K�D�W �V�L�P�S�O�\ �Q�R�U�P�D�O�L�V�L�Q�J �W�K�H �G�H�S�R�V�L�W�H�G �H�Q�H�U�J�\ �E�\ �W�K�H �V�H�Q�V�R�U �W�K�L�F�N�Q�H�V�V
�������� �—�P�� �R�I�W�H�Q �S�U�R�Y�L�G�H�G �D �E�H�W�W�H�U�� �W�K�R�X�J�K �R�Q�O�\ �I�R�U �S�H�U�S�H�Q�G�L�F�X�O�D�U �E�H�D�P�V�� �D�O�L�J�Q�P�H�Q�W �Z�L�W�K �W�K�H �H�[�S�H�U�L�P�H�Q�W�D�O
�G�D�W�D�� �7�K�L�V �G�L�I�I�H�U�H�Q�F�H �L�Q �/�(�7 �F�D�O�F�X�O�D�W�L�R�Q �L�V �D �V�L�J�Q�L�I�L�F�D�Q�W �V�R�X�U�F�H �R�I �X�Q�F�H�U�W�D�L�Q�W�\ �Z�K�H�Q �F�R�P�S�D�U�L�Q�J �V�L�P�X�O�D�W�H�G
�D�Q�G �P�H�D�V�X�U�H�G �U�H�V�X�O�W�V��
�)�L�Q�D�O�O�\�� �V�H�Y�H�U�D�O �D�Y�H�Q�X�H�V �I�R�U �H�Q�K�D�Q�F�L�Q�J �W�K�H �V�L�P�X�O�D�W�L�R�Q�¶�V �I�L�G�H�O�L�W�\ �Z�H�U�H �L�G�H�Q�W�L�I�L�H�G �E�X�W �Q�R�W �L�P�S�O�H�P�H�Q�W�H�G��
�7�K�H �F�X�U�U�H�Q�W �V�L�P�X�O�D�W�L�R�Q �G�R�H�V �Q�R�W �P�D�N�H �X�V�H �R�I �W�K�H �S�D�U�W�L�F�O�H�¶�V �D�Q�J�X�O�D�U �L�Q�I�R�U�P�D�W�L�R�Q�� �Z�K�L�F�K �F�R�X�O�G �E�H �X�V�H�G �W�R
�E�H�W�W�H�U �H�[�S�O�D�L�Q �G�L�V�F�U�H�S�D�Q�F�L�H�V �Z�L�W�K �W�K�H �7�3�;�� �G�D�W�D�� �$�G�G�L�W�L�R�Q�D�O�O�\�� �Z�K�L�O�H �L�W �L�V �S�R�V�V�L�E�O�H �W�R �J�H�Q�H�U�D�W�H �S�D�U�W�L�F�O�H�V
�Z�L�W�K �D �*�D�X�V�V�L�D�Q �H�Q�H�U�J�\ �G�L�V�W�U�L�E�X�W�L�R�Q �R�U �W�R �V�L�P�X�O�D�W�H �D �P�L�[�H�G �U�D�G�L�D�W�L�R�Q �I�L�H�O�G�� �W�K�H�V�H �F�R�P�S�O�H�[�L�W�L�H�V �Z�H�U�H �V�H�W
�D�V�L�G�H �L�Q �I�D�Y�R�X�U �R�I �D �P�R�U�H �I�X�Q�G�D�P�H�Q�W�D�O �D�Q�D�O�\�V�L�V �X�V�L�Q�J �P�R�Q�R���H�Q�H�U�J�H�W�L�F �S�D�U�W�L�F�O�H�V��

�������������$�Q�D�O�\�W�L�F�D�O���1�X�P�H�U�L�F�D�O �7�R�R�O�V
�,�Q �D�G�G�L�W�L�R�Q �W�R �W�K�H �S�U�L�P�D�U�\ �V�L�P�X�O�D�W�L�R�Q �D�Q�G �G�D�W�D �S�U�R�F�H�V�V�L�Q�J �V�R�I�W�Z�D�U�H�� �D�Q �D�Q�D�O�\�W�L�F�D�O �P�R�G�H�O �D�Q�G �D �Q�X�P�H�U�L�F�D�O
�G�D�W�D�E�D�V�H �Z�H�U�H �X�V�H�G �I�R�U �H�Q�H�U�J�\ �U�H�F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �Y�D�O�L�G�D�W�L�R�Q��

�%�D�F�N�Z�D�U�G�V �3�U�R�S�D�J�D�W�L�R�Q �0�R�G�H�O
�$ �E�D�F�N�Z�D�U�G�V �S�U�R�S�D�J�D�W�L�R�Q �P�R�G�H�O �Z�D�V �L�P�S�O�H�P�H�Q�W�H�G �L�Q �3�\�W�K�R�Q �W�R �H�V�W�L�P�D�W�H �W�K�H �R�U�L�J�L�Q�D�O �N�L�Q�H�W�L�F �H�Q�H�U�J�\
�R�I �S�D�U�W�L�F�O�H�V �S�U�L�R�U �W�R �W�U�D�Y�H�U�V�L�Q�J �W�K�H �V�K�L�H�O�G�L�Q�J�� �7�K�H �P�R�G�H�O �X�V�H�V �W�K�H �%�H�W�K�H���%�O�R�F�K �H�T�X�D�W�L�R�Q �W�R �F�R�Q�Y�H�U�W �D
�P�H�D�V�X�U�H�G �/�(�7 �Y�D�O�X�H �L�Q �W�K�H �V�L�O�L�F�R�Q �G�H�W�H�F�W�R�U �L�Q�W�R �D�Q �H�V�W�L�P�D�W�H �R�I �W�K�H �L�Q�F�L�G�H�Q�W �N�L�Q�H�W�L�F �H�Q�H�U�J�\�� �,�W �R�S�H�U�D�W�H�V
�E�\ �V�W�H�S�S�L�Q�J �E�D�F�N�Z�D�U�G�V �I�U�R�P �W�K�H �G�H�W�H�F�W�R�U �S�O�D�Q�H �W�K�U�R�X�J�K �O�D�\�H�U�V �R�I �P�D�W�H�U�L�D�O�� �H�V�W�L�P�D�W�L�Q�J �W�K�H �H�Q�H�U�J�\ �D�W
�H�D�F�K �V�W�D�J�H��

�6�5�,�0
�7�K�H �6�5�,�0 ���6�W�R�S�S�L�Q�J �D�Q�G �5�D�Q�J�H �R�I �,�R�Q�V �L�Q �0�D�W�W�H�U�� �G�D�W�D�E�D�V�H �V�H�U�Y�H�G �D�V �D �U�H�I�H�U�H�Q�F�H �S�R�L�Q�W �I�R�U �Y�D�O�L�G�D�W�L�Q�J
�W�K�H �E�D�F�N�Z�D�U�G�V �S�U�R�S�D�J�D�W�L�R�Q �P�R�G�H�O�� �,�W �S�U�R�Y�L�G�H�V �Z�H�O�O���H�V�W�D�E�O�L�V�K�H�G �G�D�W�D �I�R�U �W�K�H �V�W�R�S�S�L�Q�J �S�R�Z�H�U �D�Q�G �U�D�Q�J�H
�R�I �S�U�R�W�R�Q�V �L�Q �P�D�W�H�U�L�D�O�V �O�L�N�H �D�O�X�P�L�Q�L�X�P �D�Q�G �V�L�O�L�F�R�Q�� �D�F�W�L�Q�J �D�V �D �E�H�Q�F�K�P�D�U�N �I�R�U �W�K�H �D�Q�D�O�\�W�L�F�D�O �P�R�G�H�O�¶�V
�S�H�U�I�R�U�P�D�Q�F�H��
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��
�0�R�G�H�O �9�H�U�L�I�L�F�D�W�L�R�Q �	 �9�D�O�L�G�D�W�L�R�Q

�7�K�L�V �F�K�D�S�W�H�U �Y�D�O�L�G�D�W�H�V �W�K�H �*�H�D�Q�W�� �V�L�P�X�O�D�W�L�R�Q �I�U�D�P�H�Z�R�U�N �E�\ �F�R�P�S�D�U�L�Q�J �L�W�V �S�U�H�G�L�F�W�L�R�Q�V �D�J�D�L�Q�V�W �G�D�W�D �I�U�R�P
�J�U�R�X�Q�G���E�D�V�H�G �D�F�F�H�O�H�U�D�W�R�U �H�[�S�H�U�L�P�H�Q�W�V�� �7�K�H �F�R�P�S�O�H�W�H �P�H�W�K�R�G�R�O�R�J�\�� �L�Q�F�O�X�G�L�Q�J �W�K�H �G�H�W�D�L�O�H�G �V�H�W�X�S�V �R�I
�E�R�W�K �W�K�H �&�\�N�O�R�W�U�R�Q �5�H�] �D�Q�G �+�( �S �.�U�D�N�R�Z �H�[�S�H�U�L�P�H�Q�W�V �D�Q�G �W�K�H �F�R�U�U�H�V�S�R�Q�G�L�Q�J �V�L�P�X�O�D�W�L�R�Q �P�R�G�H�O ���6�H�W�X�S
�$���� �L�V �G�H�V�F�U�L�E�H�G �L�Q�&�K�D�S�W�H�U ����
�7�K�H �S�U�L�P�D�U�\ �R�E�M�H�F�W�L�Y�H�V �R�I �W�K�L�V �F�K�D�S�W�H�U �D�U�H��

�‡�7�R �H�Y�D�O�X�D�W�H �K�R�Z �Z�H�O�O �W�K�H �*�H�D�Q�W�� �V�L�P�X�O�D�W�L�R�Q �U�H�S�U�R�G�X�F�H�V �N�L�Q�H�W�L�F �H�Q�H�U�J�\�� �G�H�S�R�V�L�W�H�G �H�Q�H�U�J�\�� �D�Q�G
�/�(�7 �I�R�U �S�U�R�W�R�Q�V �D�F�U�R�V�V �G�L�I�I�H�U�H�Q�W �H�Q�H�U�J�\ �U�H�J�L�P�H�V��

�‡�7�R �L�G�H�Q�W�L�I�\ �V�\�V�W�H�P�D�W�L�F �R�I�I�V�H�W�V �R�U �G�L�V�F�U�H�S�D�Q�F�L�H�V �E�H�W�Z�H�H�Q �V�L�P�X�O�D�W�H�G �D�Q�G �P�H�D�V�X�U�H�G �G�D�W�D��

�‡�7�R �U�H�I�L�Q�H �W�K�H �V�L�P�X�O�D�W�L�R�Q �V�H�W�X�S �D�Q�G �M�X�V�W�L�I�\ �P�H�W�K�R�G�R�O�R�J�L�F�D�O �F�K�R�L�F�H�V ���H���J���� �/�(�7 �F�D�O�F�X�O�D�W�L�R�Q �P�H�W�K�R�G��
�X�Q�L�W �F�K�R�L�F�H�V����

�7�K�H �I�R�O�O�R�Z�L�Q�J �V�H�F�W�L�R�Q�V �S�U�H�V�H�Q�W �W�K�H �U�H�V�X�O�W�V �R�I �W�K�L�V �Y�D�O�L�G�D�W�L�R�Q�� �E�H�J�L�Q�Q�L�Q�J �Z�L�W�K �W�K�H �O�R�Z���H�Q�H�U�J�\ �S�U�R�W�R�Q �G�D�W�D
�I�U�R�P �W�K�H �&�\�N�O�R�W�U�R�Q �5�H�] �F�D�P�S�D�L�J�Q��

���������9�D�O�L�G�D�W�L�R�Q �I�R�U �/�R�Z���(�Q�H�U�J�\ �3�U�R�W�R�Q�V �������� �0�H�9��
�7�K�L�V �V�H�F�W�L�R�Q �F�R�P�S�D�U�H�V �W�K�H �*�H�D�Q�W�� �V�L�P�X�O�D�W�L�R�Q �D�J�D�L�Q�V�W �H�[�S�H�U�L�P�H�Q�W�D�O �G�D�W�D �I�R�U �O�R�Z���H�Q�H�U�J�\ �S�U�R�W�R�Q�V�� �V�S�H�F�L�I�L�F�D�O�O�\
�W�K�H���������0�H�9�E�H�D�P �I�U�R�P �W�K�H �&�\�N�O�R�W�U�R�Q �5�H�] �H�[�S�H�U�L�P�H�Q�W �D�Q�G �W�K�H���� �0�H�9�E�H�D�P �I�U�R�P �W�K�H �+�( �S �.�U�D�N�R�Z
�H�[�S�H�U�L�P�H�Q�W��
�$ �F�R�P�S�D�U�L�V�R�Q �E�H�W�Z�H�H�Q �W�K�H �V�L�P�X�O�D�W�H�G �D�Q�G �W�K�H �H�[�S�H�U�L�P�H�Q�W�D�O �&�\�N�O�R�W�U�R�Q �5�H�] �U�H�V�X�O�W�V�� �D�V �V�H�H�Q �L�Q�7�D�E�O�H ��������
�U�H�Y�H�D�O�V �D�Q �D�Y�H�U�D�J�H �R�I�I�V�H�W �R�I �D�S�S�U�R�[�L�P�D�W�H�O�\�� �0�H�9�L�Q �W�K�H �P�H�D�V�X�U�H�G �N�L�Q�H�W�L�F �H�Q�H�U�J�\ �D�W �W�K�H �G�H�W�H�F�W�R�U�� �,�Q �D�O�O
�F�D�V�H�V�� �W�K�H �H�Q�H�U�J�\ �G�H�W�H�F�W�H�G �L�Q �W�K�H �&�\�N�O�R�W�U�R�Q �5�H�] �H�[�S�H�U�L�P�H�Q�W �L�V �K�L�J�K�H�U�� �H�[�F�H�S�W �I�R�U �W�K�H �I�L�Q�D�O �D�O�X�P�L�Q�L�X�P
�S�O�D�W�H ���S�O�D�W�H ������ �7�K�L�V �V�X�J�J�H�V�W�V �W�K�D�W �O�H�V�V �H�Q�H�U�J�\ �L�V �D�E�V�R�U�E�H�G �L�Q �W�K�H �H�[�S�H�U�L�P�H�Q�W�D�O �V�H�W�X�S�� �7�K�L�V �G�L�V�F�U�H�S�D�Q�F�\
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�S�U�R�W�R�Q�V�� �W�K�H �U�H�V�X�O�W�V �G�L�Y�H�U�J�H �T�X�L�W�H �K�D�U�G �I�U�R�P �W�K�H �W�U�X�H �Y�D�O�X�H�V�� �7�K�L�V �I�D�L�O�X�U�H �L�V �P�R�V�W �R�E�Y�L�R�X�V �D�W�� �0�H�9��
�Z�K�H�U�H �W�K�H �P�R�G�H�O �S�U�R�G�X�F�H�V �D �F�O�H�D�U�O�\ �Z�U�R�Q�J �U�H�V�X�O�W �R�I �D�S�S�U�R�[�L�P�D�W�H�O�\���� �0�H�9��
�8�O�W�L�P�D�W�H�O�\�� �W�K�L�V �D�Q�D�O�\�V�L�V �V�K�R�Z�V �W�K�D�W �W�K�H �S�U�D�F�W�L�F�D�O �X�V�H �R�I �W�K�H �D�Q�D�O�\�W�L�F�D�O �P�R�G�H�O �L�V �V�H�Y�H�U�H�O�\ �O�L�P�L�W�H�G �E�\ �W�Z�R
�N�H�\ �I�D�F�W�R�U�V�� �)�L�U�V�W�� �W�K�H �P�R�G�H�O �L�V �K�L�J�K�O�\ �V�H�Q�V�L�W�L�Y�H �W�R �L�W�V �/�(�7 �L�Q�S�X�W�� �Z�K�H�U�H �V�P�D�O�O �Y�D�U�L�D�W�L�R�Q�V �L�Q �/�(�7 �O�H�D�G �W�R
�O�D�U�J�H �H�U�U�R�U�V �L�Q �W�K�H �I�L�Q�D�O �F�D�O�F�X�O�D�W�H�G �H�Q�H�U�J�\�� �H�V�S�H�F�L�D�O�O�\ �I�R�U �O�R�Z �/�(�7 �Y�D�O�X�H�V�� �7�K�H�V�H �V�P�D�O�O �Y�D�U�L�D�W�L�R�Q�V �D�U�H
�P�D�L�Q�O�\ �F�D�X�V�H�G �E�\ �L�Q�F�L�G�H�Q�W �D�Q�J�O�H�V�� �D�Q�G �P�H�D�V�X�U�H�P�H�Q�W �H�U�U�R�U�V�� �6�H�F�R�Q�G�� �W�K�H �P�R�G�H�O �V�\�V�W�H�P�D�W�L�F�D�O�O�\ �I�D�L�O�V �D�W
�O�R�Z �H�Q�H�U�J�L�H�V�� �$ �O�L�N�H�O�\ �V�R�X�U�F�H �I�R�U �W�K�L�V �G�L�V�F�U�H�S�D�Q�F�\ �L�V �W�K�H �L�Q�K�H�U�H�Q�W �L�P�S�U�H�F�L�V�L�R�Q �L�Q �W�K�H �7�3�; �G�H�W�H�F�W�R�U�¶�V �R�Z�Q
�S�R�V�W���S�U�R�F�H�V�V�L�Q�J�� �7�K�H �P�H�W�K�R�G �L�W �X�V�H�V �W�R �H�V�W�L�P�D�W�H �D �S�D�U�W�L�F�O�H�¶�V �W�U�D�F�N �O�H�Q�J�W�K �I�U�R�P �F�O�X�V�W�H�U�H�G �S�L�[�H�O �G�D�W�D �L�V
�O�H�V�V �S�U�H�F�L�V�H �W�K�D�Q �W�K�H �V�L�P�X�O�D�W�L�R�Q�� �D�Q �H�I�I�H�F�W �W�K�D�W �L�V �O�L�N�H�O�\ �P�R�U�H �S�U�R�Q�R�X�Q�F�H�G �I�R�U �W�K�H �V�K�R�U�W�H�U�� �P�R�U�H �V�F�D�W�W�H�U�H�G
�W�U�D�F�N�V �R�I �O�R�Z���H�Q�H�U�J�\ �S�U�R�W�R�Q�V��
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�:�K�L�O�H �V�X�F�F�H�V�V�I�X�O �L�Q �D�Q �L�G�H�D�O�L�V�H�G �F�D�V�H�� �W�K�H �J�R�D�O �L�V �W�R �D�S�S�O�\ �W�K�L�V �W�R �V�D�W�H�O�O�L�W�H �G�D�W�D�� �7�K�H �W�U�D�Q�V�L�W�L�R�Q �I�U�R�P �D
�V�L�P�S�O�H �E�H�D�P �W�R �W�K�H �F�R�P�S�O�H�[ �/�(�2 �H�Q�Y�L�U�R�Q�P�H�Q�W �V�K�R�Z�H�G �W�K�H �O�L�P�L�W�D�W�L�R�Q�V �L�Q �W�K�L�V �D�S�S�U�R�D�F�K��
�)�L�U�V�W�O�\�� �W�K�H �/�(�2 �U�D�G�L�D�W�L�R�Q �I�L�H�O�G �L�V �L�V�R�W�U�R�S�L�F�� �7�K�L�V �E�U�H�D�N�V �W�K�H �P�R�G�H�O�¶�V �S�U�L�P�D�U�\ �D�V�V�X�P�S�W�L�R�Q �R�I �D �I�L�[�H�G��
�S�H�U�S�H�Q�G�L�F�X�O�D�U �S�D�W�K �O�H�Q�J�W�K�� �$ �S�D�U�W�L�F�O�H �H�Q�W�H�U�L�Q�J �D�W �D�Q �D�Q�J�O�H �F�D�X�V�H�V �V�K�L�I�W�V �L�Q �W�K�H �P�H�D�V�X�U�H�G �/�(�7 �I�R�U �W�K�H
�V�D�P�H �L�Q�L�W�L�D�O �H�Q�H�U�J�\�� �7�K�L�V �L�V �W�R �E�H �H�[�S�H�F�W�H�G �D�V �D �S�D�U�W�L�F�O�H �W�U�D�Y�H�O�V �W�K�U�R�X�J�K �W�K�H �V�K�L�H�O�G�L�Q�J �O�R�Q�J�H�U�� �O�R�V�H�V �P�R�U�H
�H�Q�H�U�J�\ �D�Q�G �W�K�X�V �G�H�S�R�V�L�W�V �P�R�U�H �H�Q�H�U�J�\�� �7�K�L�V �O�H�D�G�V �W�R �D �K�L�J�K�H�U �D�Y�H�U�D�J�H �/�(�7 �L�Q �V�L�P�X�O�D�W�L�R�Q�V �X�V�L�Q�J �D�Q
�L�V�R�W�U�R�S�L�F �V�R�X�U�F�H�� �Z�K�L�F�K �O�H�D�G�V �W�R �D �G�H�F�U�H�D�V�H �L�Q �D�F�F�X�U�D�F�\��
�6�H�F�R�Q�G�O�\�� �W�K�H �P�R�G�H�O �L�V �E�D�V�H�G �R�Q �D �V�L�Q�J�O�H �/�(�7 �L�Q�S�X�W�� �7�K�H�U�H�I�R�U�H�� �L�W �L�V �K�L�J�K�O�\ �V�H�Q�V�L�W�L�Y�H �W�R �D�Q�\ �F�K�D�Q�J�H�V
�W�R �/�(�7�� �$�V �V�K�R�Z�Q �Z�L�W�K �W�K�H �D�Q�J�X�O�D�U �G�D�W�D�� �I�R�U �O�R�Z �/�(�7 �Y�D�O�X�H�V�� �D�Q�\ �F�K�D�Q�J�H �F�D�X�V�H�G �O�D�U�J�H �H�U�U�R�U�V �L�Q �W�K�H
�S�U�H�G�L�F�W�H�G �N�L�Q�H�W�L�F �H�Q�H�U�J�\�� �7�K�L�V �P�D�N�H�V �W�K�H �P�R�G�H�O�¶�V �S�U�H�G�L�F�W�L�R�Q�V �I�U�D�J�L�O�H��
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�F�K�D�O�O�H�Q�J�L�Q�J �F�R�P�S�O�H�[�L�W�\�� �7�K�L�V �D�Q�D�O�\�V�L�V �V�K�R�Z�H�G �W�K�D�W �I�R�U �D �J�L�Y�H�Q �D�P�R�X�Q�W �R�I �V�K�L�H�O�G�L�Q�J�� �W�K�H �U�H�O�D�W�L�R�Q�V�K�L�S
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