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“We are all explorers. There is no complete map of space. Even the map we carry in our minds is an
imperfect one, a sketch in the sand that is forever washed away.”

— Frank Herbert, Dune



Preface

This thesis focuses on investigating the Floating Gate Dosimeter (FGDOS), particularly in mixed-field
environments, to assess its reliability for space applications. The study is motivated by the need for
robust and radiation-hardened systems in future lunar exploration missions, where radiation exposure
can significantly impact performance and longevity. This study aims to contribute to the development
of more resilient hardware for future lunar missions.

My fascination with space, particle physics, and instrumentation has been a red thread throughout my
studies. During my master’s, | came into contact with Dr. Alessandra Menicucci, through a project
related to developing and investigating radiation sensors for a lunar application. | was intrigued. When
the literature review revealed the possibility of conducting measurements at CERN, it was the icing on
the cake. This thesis is the result of my curiosity and passion for exploring the intersection of physics,
electronics, and space technology.

| would like to express my gratitude to my supervisors, Dr. ir. Jeroen Plomp, Dr. ir. Danny Lathouwers,
and Dr. Alessandra Menicucci, for their invaluable guidance and insightful discussions throughout this
research. Their expertise has greatly shaped my understanding of conducting radiation experiments.

| would also like to thank the people at CERN CHARM for the opportunity and guidance—especially Dr.
Salvatore Danzeca and Dr. Salvatore Fiore—for their expertise and support during my time at CHARM.
Their insights into radiation effects and experimental techniques have been instrumental in shaping this
work.

Furthermore, | would like to thank Michel Thijs, Lassi Tiihonen, Barttomiej Dudek, Anthony Bats, Jasper
van Dijk, Abhimanyu Shanbhag, Zamran Khan, Nicole Banga, and llse van der Kraaij for their support
during the thesis.

| also extend my appreciation to the TU Delft Moonshot program for providing the funds that made this
research possible.

Finally, | would like to thank my friends and family for their unwavering support, patience, and encour-
agement, especially during the challenging phases of this thesis. Their belief in me kept me motivated
throughout this journey.

This thesis is written in the context of a Master in Applied Physics, specifically within the track of In-
strumentation. As such, it presents the research from a predominantly physics perspective, though
engineering aspects are also explored where relevant.

For those who may read this, | hope this work serves as a useful aid and sparks curiosity in this
fascinating domain. And to future master’s students interested in this topic—I am always open to
discussing the results in more detail. Research is a continuous journey, and | look forward to seeing
where the next steps will lead.

Stan Broere
Delft, March 2025
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summary

As humanity returns to the Moon, our understanding of its radiation environment remains incomplete.
To address this gap, the Lunar Zebro rover, equipped with a state-of-the-art radiation payload, aims
to improve our understanding. This is done by the use of Floating Gate Dosimeters (FGDOS), which
convert radiation into electron-hole pairs that cause a discharge of charge on the floating gate, in turn
enabling the measurement of radiation. This thesis examines the performance of the FGDOS and
the Lunar Zebro radiation payload under various radiation conditions, evaluates their sensitivities, and
outlines future research directions. To accomplish this, proton and gamma tests were conducted at
HollandPTC and the Reactor Institute Delft (RID) to gauge the FGDOS response to different fluxes and
particle types. This, in combination with a few functionality tests , such as temperature characterisation,
allowed the foundation to be laid for conducting radiation measurements in a mixed-field radiation
environment at CERN'’s Highly Accelerated Mixed-Field facility (CHARM). Here, the state-of-the-art
payload was exposed to a range of energies and particles, allowing the lunar environment to a certain
extent to be characterised. In addition, a layer of boron carbide was placed onto one of the FGDOS
sensor to investigate the effect of neutron sensitivity.

Several key findings emerged from this research. First, a linear scaling was observed for both gamma
and proton radiation as a function of dose rate, however the gamma measurement contain big uncertain-
ties. The sensitivity measurement at HollandPTC and RID experiments were lower than expected, but
consistent with previous studies by Meyere et al. [1] and Shanbhag et al. [2]. However, the sensitivity
measured at CHARM was consistent with findings from Zimmaro et al. [3] and Sealicon[4]. Addition-
ally, introducing a boron carbide layer led to a slight increase in neutron sensitivity, will the addition
of shielding material reduce the sensitivity. A critical operational issue was identified in the radiation
payload’s Floating Gate Dosimeter, related to the recharging of the Floating Gate, likely caused by a
firmware-related bug. Moreover, an increase in power consumption was observed as a function of the
total ionizing dose. Finally, a sensitivity curve was established, showing its dependence on the charge
stored on the floating gate.

The findings demonstrate that while the FGDOS has potential for radiation measurements on the lunar
surface, the payload is not yet flight-ready. Challenges related to lower sensitivity, recharging, and
discharge behaviour require further investigation. Additionally, the absence of a clear radiation simu-
lation model leaves uncertainty regarding the expected radiation environment. A series of future work
directions are postulated in this thesis, but in the short term, additional radiation tests should be con-
ducted at facilities capable of providing high-flux Co-60 gamma, such as the ESA ESTEC Co-60 facility
to overlap with previous research. Furthermore, a post-analysis of the CHARM setups is necessary to
investigate the cause of the communication failure in one of the setups during the experiment. Finally,
further investigations into neutron sensitivity would be of great interest for both future space missions
and terrestrial applications.
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Introduction

For millennia humanity has looked at the Moon in wonder and awe. But this decade, humankind is on
the brink of a new age of deeper space exploration. As outlined in NASA’s Artemis program, establish-
ing a human presence on the lunar surface serves to lay down the groundwork for future missions to
Mars and beyond. [5, 6]. However, one of the significant challenges of lunar missions is the intense
and variable radiation environment, which poses significant risks to both robotic systems and humans.
Prolonged exposure to this type of radiation can lead to data corruption, electronic component failure,
and, for humans, an increased risk of cancer, acute radiation sickness, and long-term degenerative
effects on the nervous and cardiovascular systems.[7, 8]. These hazardous environments requires
innovative solutions to accurately and reliably monitor the robotic systems, and allow to mitigate po-
tential failures and ensuring the safety and success of the lunar operation. In addition, the Moon is a
historic archive of our Sun and Solar System. Scientific discoveries are locked in its regolith that could
lead to an improved understanding of our own planet and its evolution [5, 6]. It also harbors resources,
such as water, that are among the rarest and most precious commodities in space, offering potential
sustenance and fuel for future explorers. Through radiation measurements, it is possible to learn more
about the hidden scientific gems buried on the Moon . [5]

As outlined by the Artemis vision, humanity’s return to the moon will begin with robots, with rovers being
used to explore the surface of the moon more extensively than any human will in the near future. In re-
cent decades, space robotics has undergone a paradigm shift, driving the development of miniaturised,
modular, and cost-effective spacecraft, enabling more efficient and scalable space exploration[9, 10,
11]. The Lunar Zebro, a rover designed by the students of the TU Delft, is one of those endeavours.
The aim of the rover is to demonstrate the usefulness of a nano-rover concept on the Moon, with the
eventual aim for a more ambitious goal, like operating a swarm of rovers on an extra-terrestrial body
[12, 13]. To this extent, a scientific measurement device was constructed, referred to as the "Radiation
payload”’, to investigate the radiation environment on the lunar surface. Surprisingly, the radiation
environment on the lunar surface is not well understood. In recent history, a couple of missions have
measured the radiation environment using flyby and landers[14, 15, 16, 17]. These missions have
provided valuable insights into the lunar radiation environment. However, no dedicated radiation rover
has ever been deployed on the lunar surface. To bridge this gap, physical radiation transport models
are used to enhance scientific understanding by simulating how cosmic rays and solar energetic par-
ticles interact with the lunar surface[18]. However, uncertainties in the input parameters can lead to
significant variations in model predictions, making additional experimental measurements essential for
validation and refinement.

To address this, the Radiation Payload is equipped with four Floating Gate Dosimeter (FGDOS) sensors,
which enable measurements of accumulated radiation dose and, to a certain extent, the dose rate. This
data will help validate existing radiation models and improve our understanding of radiation exposure

A payload is the instruments or equipment carried by spacecraft, satellite, or rover, designed to fulfill a mission objective,
such as data collection and communication.



in the lunar environment.

In this thesis, the effectiveness of the current Lunar Zebro payload in characterising the lunar radiation
environment is examined, along with potential improvements for future missions. To address this, two
research questions were formulated:

* What are the characteristics of the current radiation payload, including the FGDOS sensor, under
mission conditions with respect to different types of radiation?

» How can the current radiation payload be optimised to enhance scientific data collection?

To answer these questions, experiments were conducted using gamma radiation, protons, and mixed
fields at different facilities, namely Reactor Institute Delft (RID), HollandPTC, and CERN.

The structure of this thesis is designed to guide the reader through the progression of the research.
Until now the borders of this thesis are sketch, but chapter 2, will give color to the outline by guiding the
reader through the relevant background theory, with each next section building onto the previous one.
After an understanding is obtained of the fundamental literature, chapter 3 will explore the experiments
conducted at RID to investigate the behavior of the sensor to gamma irradiation, particular low dose
rates (uGy/h). This is followed up by chapter 4, which covers the irradiation mission at CERN CHARM,
where electronic components can be irradiated in a mixed-field, allowing to study the current design in
a radiation environment similar to its operation environment. Finally, chapter 5 will revisit the original
research questions posed earlier and provide a summary of the key findings. Based on these insights,
chapter 6 will outline recommendations for future research and potential improvements.

Supplementary information can be found in Appendix A, Appendix B, Appendix C, which includes
details on the HollandPTC irradiation test, a guide to temperature compensation for the FGDOS, and
a more in-depth explanation of the hardware used.

Additionally, Appendix F contains additional plots and images to provide further insight into various
aspects of the study. An exploratory investigation into the use of the Timepix detector is discussed in
Appendix G.

Finally, Appendix E, Appendix |, Appendix J and Appendix H include additional literature and supporting
information relevant to the main research conducted in this thesis.
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This chapter focuses on the literature necessary to understand the research. In section 2.1, the radia-
tion mechanism is introduced. This is followed by a discussion on the radiation environments in outer
space and on the lunar surface, in section 2.2 and section 2.3, respectively. Building on this knowledge,
section 2.4 provides a brief introduction to the Lunar Zebro rover, including its mission and system. Fi-
nally, with all the obtained information, the radiation sensor, namely the Floating Gate Dosimeter, is
introduced in section 2.4.

2.1. Radiation Mechanisms

This thesis places significant emphasis on radiation. For this reason, it is important to understand the
effects that different types of particles have, with the knowledge built from the ground up. This section
will explain the key particles of the Standard Model and their interactions with one another. This will
lead to the effects of radiation on electronics, discussed in subsection 2.1.3.

2.1.1. Particle interaction

The interactions between particles are determined by their properties and energy levels. In this thesis,
the focus will primarily be on the interactions of photons, charged particles, and neutrons with Si02.
Each type of interaction is briefly explained below.

Photons
Photons can interact with atoms through three primary interaction mechanisms, which are illustrated in

Figure 2.1

» Photoelectric Effect: In this phenomenon, the photon transfers its energy to an electron. If the
photon’s energy exceeds the electron’s binding energy, the electron is ejected from its atomic
cloud. The interaction is with the atom as a whole and cannot take place with a free electron [19,
20]

» Compton Scattering: The incoming gamma-ray photon is deflected through an angle 6 with
respect to its original direction. The photon transfers a portion of its energy to the electron (as-
sumed to be initially at rest). The remaining energy is retained by the photon, resulting in a longer
wavelength and a scattered trajectory. Because all angles of scattering are possible, the energy
transferred to the electron can vary from zero to a large fraction of the gamma-ray energy [19, 20,
21]

+ Pair Production: For this process to occur, the photon must pass near an atomic nucleus and
have energy exceeding the threshold of 2m.c?, where m, is the mass of the electron and c is
the speed of light in a vacuum. The photon is entirely absorbed, leading to the creation of an
electron-positron pair.[19, 20, 21]
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Figure 2.1: lllustration of photon-matter interactions [22]

Charged particles

In the standard model, there are a bunch of particles that contain an electrical charge ( g # 0 C). This
includes pions, protons, kaons, muons, etc. This interaction is shown in figure Figure 2.2 and explain
below:

+ Excitation: When a charged particle travels close to an orbiting electron with an energy lower
than the binding energy of the electron, the electron will absorb this energy and move into a higher
energy state. After some time, the electron will fall back to its original state and emit a photon in
the process. [19, 20, 21]

* Bremsstrahlung: When a particle without much mass (e.g. an electron) passes past the nucleus
of an atom, the electric field of the nucleus can deflect the charged particle. The particle then loses
some of its energy which is emitted as a photon.[19, 20, 21]

* lonization: When a charged particle travels through an electron cloud with an energy higher than
the binding energy of the electron, the electron can be ejected from the cloud.[19, 20, 21]

bl

bremsstrahlung ionization excitation

Figure 2.2: lllustration of charged particle-matter interactions. [22]

Neutrons

Neutrons are nearly identical to protons in terms of mass and nuclear properties, with the primary
distinction being their lack of electric charge. This means that neutrons only interaction mechanism is
via nuclear interactions, as can be seen in Figure 2.3.
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» Absorption/capture: When a neutron (mostly thermal neutrons that have an energy higher than
24 MeV) hits the nucleus, the energy of the nucleus is increased and is left in an excited state.
This energy is later released by the release of a photon.

» Fission: A neutron that is absorbed by a very heavy nucleus, the nucleus can split into smaller
nuclei also referred to as fission fragments. This is also energy released in the form of photon
emission.

* Inelastic scattering: A neutron is absorbed by the nucleus. Subsequently, the nucleus emits a
neutron of lower energy than the striking neutron and the nucleus stays in an excited state while
being scattered. Later, the energy is released by photon emission.

 Elastic scattering: A neutron that strikes the nucleus transfers part of its energy to the nucleus.
Both the neutron and the nucleus are scattered. [19, 20, 21]

n n n n n
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fission

Figure 2.3: lllustration of neutrons-matter interactions [22].
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2.1.2. Energy loss

When a particle collides with matter, it can cause ionization as a consequence. Direct ionization occurs
if the particle transfers energy, such that it is sufficient to eject electrons from atoms, forming ions. In
such instances, the primary particle may further produce secondary particles which might indirectly
cause ionization which is termed as indirect ionization.

As a result of passing through matter, particles lose energy through any number of mechanisms which
can be generally grouped into lonizing Energy Loss (IEL) and Non-lonizing Energy Loss (NIEL) [21].

lonizing Energy Loss (IEL) refers to the loss of energy in processes such as ionization, where atoms
are directly ionized, for example, through the photoelectric effect.

Non-ionizing energy Loss (NIEL) is the loss of energy that occurs without ionization. These include nu-
clear displacements which cause displacement damage, pair production, or emission of bremsstrahlung
radiation. These interactions eventually expend the particle’s energy until it has been completely ab-
sorbed or stopped.

To determine the amount of energy that inline particles lose as they move through a material, a general
concept is the stopping power (S) and is defined as,

S:—Ez—LET, (2.1)
dx
which is defined as the differential energy loss dE divided by the differential path length dx. The Linear
Energie Transfer (LET) is an indicator of the amount of energy absorbed in the material and is usually
measured in Mev/cm [23].

In the radiation effects community, stopping power is commonly normalized by the mass density of the
material ( p), resulting in a quantity that is independent of the material’s phase. This quantity is known
as the mass stopping power (S,,), and since energy loss occurs due to interactions with both electrons
(elec) and nuclei (nuc) in the medium, it is commonly expressed as the sum of two contributions [23],
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namely:
1dE

1dFE
5= Ld8

" (2.2)

elec nuc

The stopping power depends not only on the particle type but also on its energy and the target material
where ionisation takes place. Figure 2.4 shows the stopping power for different ions in silicon.

Mass Stopping Power (MeV-cm?2/mg)

104 10° 106 107 108 10°
Energy (eV)

Figure 2.4: Variation of the stopping power as a function of energy for different ions in silicon, with hydrogen (protons) being
the lowest ion and phosphorus the highest ion [23].
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2.1.3. Radiation Effects on Microelectronics

When particles interact with microelectronics, they alter the material’s properties, potentially degrading
its performance and functionality. These interactions can be classified into three main categories: Total
ionizing dose (TID), Single event effects (SEEs), and Displacement damage (DD)[24]. Each category
is briefly described below:

Total Ionizing Dose

Total ionizing dose (TID) effects occur when ionizing radiation interacts with semiconductor materials,
leading to the formation of electron-hole pairs. When high-energy particles pass through the material,
they displace electrons from their atomic orbitals. If the energy transferred exceeds the material’'s
ionization threshold, secondary interactions can amplify the effect, allowing a single high-energy particle
to generate thousands of electron-hole pairs.[21, 24]

In MOSFET devices, these pairs are predominantly formed in the oxide layer. Under the influence of
an electric field, the generated electrons and holes begin to move. While most electrons are quickly
removed from the oxide, some holes become trapped near the interface between the oxide and the
silicon substrate. This charge build-up (see (1) in Figure 2.5) at the interface gradually disrupts the
electrical behavior of the device, leading to degradation of critical performance parameters such as
threshold voltage and channel mobility [25].

Additionally, the accumulation of holes near the silicon-oxide boundary (see (3) in Figure 2.5), can result
in the formation of interface traps, which further alter the electrical properties of the semiconductor.
These traps contribute to long-term device degradation, as they shift key operational characteristics
and reduce the overall reliability of the microelectronics[21].

An mathematical derivation of TID in mixed field environments is discussed in Appendix |
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Figure 2.5: Total ionizing doses (T!D) mechanisms in SiO2. [26]

Single Event Effects

Single Event Effects (SEEs) describe various phenomena where a single energetic particle disrupts the
operation of electronic devices. These disruptions can range from temporary malfunctions to perma-
nent hardware damage. The particles most commonly responsible for SEEs include hadrons, neutrons,
and heavy ions. While heavy ions primarily cause SEEs through ionization in sensitive regions of semi-
conductors, hadrons, and neutrons typically generate localized charge through nuclear interactions
within or near the semiconductor material[23, 25].

SEEs can be classified into two main categories: destructive and non-destructive. Destructive events,
often involving high currents, can cause irreversible hardware damage. In contrast, non-destructive
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events are temporary, leading to issues such as corrupted data or unintended changes in the device’s
operational state—typically software-related failures[23, 25].

The underlying mechanisms of SEEs involve three key steps. First, as a particle passes through the
semiconductor, it generates electron-hole pairs, creating localized charge. Next, the charges drift under
the influence of an electric field, inducing a transient current. Finally, the charges diffuse over time,
gradually reducing the current. These processes, which ultimately lead to SEEs[23, 27], are illustrated

in Figure 2.6.
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Figure 2.6: Schematic representation of charge collection in a silicon junction: (a) immediately after an ion strike, (b) during
prompt (drift) collection, and (c) during diffusion collection. (d) shows a graph of the junction current induced as a function of

time.[28]

SEEs have a wide range of effects, and their impact depends on the specific interaction and the type
of device affected. Table 2.1 provides a detailed of some SEE types, their definitions, and whether
they result in destructive or non-destructive outcomes. This understanding is essential for mitigating
SEE-related risks in electronic systems, particularly those used in radiation-prone environments.

Table 2.1: Types of Single Event Effects (SEEs) with definitions and destructiveness[23, 25]

SEE Type

Definition

Destructive?

Single Event Upset (SEU)

Ocecurs in digital circuits when a particle strike
changes the state of data stored in elements
like flip-flops, latches, or memory bits.

No, recoverable via a soft reboot.

Single Event Functional Interrupt (SEFI)

A soft error that causes the component to re-
set, lock up, or otherwise malfunction. Inter-
ruptions caused by a particle strike. Typically
occurs in configuration registers of processors,
FPGA, or SDRAMSs.

No, reset by software or power cy-
cling. Stored data may or may not
be lost.

Single Event Transient (SET)

SETs are voltage spikes or glitches caused by
a particle strike. They occur in non-latched el-
ements like combinational logic, clock lines, or
control lines and can propagate depending on
the pulse width and transistor capacitance.

No, but increased sensitivity due to
technology scaling poses risks.

Single Event Latch-up (SEL)

SELs involve an abnormally high current state
caused by a particle strike in sensitive regions
of a device, potentially leading to function loss.

Yes, if power is not quickly removed,
catastrophic failure due to overheat-
ing or bond wire damage can occur.

Single Event Gate Rupture (SEGR)

SEGRs occur when a particle strike creates a
conductive path through the gate oxide or any
dielectric layer, leading to increased gate leak-
age current.

Yes, can degrade or destroy the de-
vice.

Single Event Burnout (SEB)

SEBs happen when a particle strike induces a
high current state in a device, which, if not con-
trolled, leads to thermal runaway and failure.

Yes, can cause catastrophic thermal
damage.
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Displacement damage

Displacement damage (DD) refers to the dislodging of atoms from their normal lattice sites in a target
material by impinging energetic radiation, creating interstitials . The empty spots left behind are called
vacancies. These interstitials and vacancies are mobile, and they can cluster together or interact with
impurities in the lattice, forming stable defect centers, as illustrated in Figure 2.7. Radiation-induced
defect centers are responsible for a range of parameter degradation effects in components [29].

Energetic particles such as neutrons, protons, electrons, a-particles, and heavy ions can damage semi-
conductor materials by displacing atoms in the crystal lattice. Secondary electrons generated by high-
energy photons also contribute to displacement damage. This results in stable defect states forming
within the bandgap, which can cause various effects depending on factors such as temperature, carrier
concentration, and the defect site’s location. These effects include: (a) Enhanced thermal generation;
(b) Enhanced recombination; (c) Enhanced temporary trapping; (d) Reduced carrier concentration [25,
29].

DD is particularly critical in semiconductors that rely on minority carrier current flow. As noted earlier,
the NIEL is a widely used parameter to quantify degradation caused by DD. Research has shown that
many radiation effects contribute to defect formation in materials scale linearly with NIEL. [29, 30]
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Figure 2.7: Conceptual illustration of the damage produced in Si by a 50-keV primary recoil atom. Isolated defects and
amorphous defect clusters are shown[29]
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2.2. Space radiation environment

Space radiation arises from the Sun and other astronomical bodies in our universe, comprising a mixed
field of high-energetic particles such as electrons, protons, gamma rays, and heavy charge ions ranging
from a few MeV to many TeV[31]. The flux and intensity of space radiation vary depending on the
environment of observation and the source. In general, space radiation can be divided into three
categories:

2.2.1. The Sun

The Sun, a massive sphere of hot plasma, generates its immense energy through nuclear fusion at its
core[32]. Alongside electromagnetic radiation, the Sun emits a continuous stream of charged particles,
primarily protons, electrons, and alpha particles, collectively known as solar wind. These particles,
forming a flow of ionized plasma, possess velocities between about 300 and 800 km s~! [33]. The

ISES Solar Cycle Sunspot Number Progression
T T
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—— Smoothed Monthly Values Prediction Range

Figure 2.8: The number of sunspots as a function of time. The purple line represents a 13-month weighted, smoothed version
of the monthly averaged data. Data obtained from National Oceanic and Atmospheric Administration (NOAA) [34].

Sun’s activity is modulated by the solar cycle, a periodic change in solar phenomena occurring roughly
every 11 years (see Figure 2.8). This cycle influences solar irradiance, the frequency of solar flares, and
Coronal Mass Ejections (CMEs). CMEs, significant releases of plasma from the Sun’s corona, carry
elevated levels of radiation. During these events, Solar Energetic Particles (SEPs) are accelerated
outward into the solar system, often during violent and sporadic phenomena referred to as Solar Particle
Events (SPE)[32, 33].

During an SPE, SEPs can experience rapid energy and flux increases, reaching peak values of up to
several GeV per nucleon, and can reach Earth in timescales as short as minutes following an erup-
tion[33]. While SPE are more likely to occur during the solar maximum phase of the solar cycle, their
occurrence is not strictly predictable. On average, approximately 40 SPE [35] (event exceeding energy
above 30 MeV) are observed during each solar cycle. Despite being relatively infrequent and short-
lived, these events can pose significant hazards to spacecraft and crew, highlighting the importance
of studying their behavior and effects, particularly in the context of space exploration and radiation
shielding[32, 33].

2.2.2. The Allen Radiation belts

The Earth’s magnetic field is a dipole field generated by the movement of liquid metal in its outer core[36].
This magnetic field forms a protective bubble around the planet, known as the magnetosphere, which
traps energetic charged particles. These trapped particles create two regions called the Van Allen
radiation belts[37].

The inner belts stretch from about 600 km to 10,000 km above the Earth’s surface and contain 10-
100 MeV protons and 10-100 keV electrons. Most of these particles come from the solar wind or are
produced by cosmic rays interacting with the atmosphere[38].

The outer belts lie farther out, between 13,000 km and 40,000 km above the surface. It is made up
mainly of high-energy electrons, with energies ranging from 0.1 MeV to 10 MeV. Unlike the relatively
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stable inner belt, the outer belt is more variable and can change significantly depending on geomagnetic
activity[38].

These radiation belts are an important area of research, especially for understanding space weather
and its effects on satellites, astronauts, and Earth’s magnetic field. [15, 38, 39].

Rotation axis

M N Outer radiation belt
agnetic axis i

ragdliation belt

Figure 2.9: Visualisation of the Van Allen radiation belts, highlighting the relative positions of the inner and outer belts around
the Earth. The South Atlantic Anomaly (SAA) is also indicated[40].

2.2.3. The Universe: Galactic Cosmic Rays (GCRs)

Another significant source of radiation in space is GCRs, which are high-energy particles originating
from outside the solar system, starting at energies of 1 MeV and continuing to around 10'®> MeV [41], as
can be seen in Figure 2.10. GCRs represent a substantial portion of the radiation exposure affecting
electronics used in spacecraft operating beyond LEO [39].

Possible sources of GCRs include neutron stars, pulsars, active galactic nuclei, supernovae, and hyper-
novae explosions. However, due to interactions with the interstellar magnetic field, the precise origin
of GCRs remains uncertain, and they are generally thought to arrive isotropically from all directions
outside the solar system [42].

GCRs are primarily composed of baryons (approximately 98%) and a smaller fraction of electrons
(about 2%). The baryonic component comprises roughly 85% protons, 14% alpha particles, and the
remainder includes high-energy, high-charge ions and nuclei, known as HZE particles [42]. These
HZE particles are particularly significant due to their high LET, mass, and charge, which enable them
to penetrate deeply and contribute substantially to radiation damage and dose[33]. In addition to this,
antimatter, such as antiprotons and positrons, is also part of the composition[41].

GCRs are a relatively constant component of the space radiation environment, but their intensity is
modulated by solar activity. For example, during periods of high solar activity, the increased solar wind
can partially shield spacecraft from GCRs, reducing their intensity. GCRs account for approximately
80% of the effective radiation dose experienced by astronauts aboard spacecraft like the ISS[33].
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Figure 2.10: The spectrum of cosmic rays. Shown are measurements of the intensity of charged and neutral cosmic rays,
multiplied by kinetic energy squared. Energy-integrated intensities are indicated by the various diagonal lines[43]
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2.3. Lunar radiation environment

When traveling to the Moon, spacecraft will interact with all three sources of radiation mentioned in
section 2.2. However, the radiation environment on the Moon is markedly different from that on Earth.
Unlike Earth, the Moon lacks a magnetosphere, which means it cannot deflect or trap incoming charged
particles from external sources. Additionally, the Moon has no significant atmosphere to attenuate or
shield against incident radiation before it reaches the surface [44].

Particles originating from the Sun or GCRs interact with the lunar regolith, where they are scattered
and reflected, producing secondary radiation [45].

Direct measurements of lunar surface radiation remain limited. However, in recent years, several mis-
sions have conducted radiation measurements both in orbit and on the lunar surface. Notable examples
include:

» CraTER aboard the LRO (2009—present) [46], which operates at an altitude of 50 km.

+ RADOM on Chandrayaan-1 (October 2008 — August 2009) in its 100 km orbit [15].

» LND aboard the Chang’E-4 lander, which landed on 3 January 2019 [16].
The RADOM instrument measured an absorbed dose rate of 0.227 mGy per day, averaged over 3,545
hours of measurement time while in a circular polar lunar orbit [15]. Similarly, CraTER measured a

radiation exposure of approximately 0.372 mGy(Si) per day in its 50 km orbit [18]. Additionally, a total
integrated dose of about 0.7 Gy was reported after 5.5 years [47]".

Active radiation measurements

The LND experiment was the first instrument to perform active, time-resolved measurements on the
lunar surface [16, 48]. It was deployed aboard the Chinese Chang’E 4 lander, which descended into
the Aitken Basin, and its operation coincided with the solar minimum phase.
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Figure 2.11: Temporal evolution of the radiation environment on the Moon as measured by LND on Chang’E 4 during the first

and second lunar day after Chang’E4 landed. The left-hand panels show data for the first lunar day, and the right-hand panels
show data for the second lunar day. UT, universal time [16].

See Figure 1 in E. Zeitlin et al. [47]
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The LND is a silicon-based particle telescope consisting of 10 dual-segment detectors. The addition of
conversion foils allows the measurement of neutral particles in conjunction with charged particles. The
instrument provides several key measurements[48]:

» Dose rates in silicon from both charged and neutral particles, resolved in time
* Linear energy transfer (LET) spectra

» Charged particle energy spectra

» Thermal neutron count rates

» Energy deposition spectra of neutral particles

LND was also designed to detect fast particles and thermal neutrons, which are secondary radiation
produced by interactions between high-energy particles and the lunar surface. The absorbed dose rate
measured by LND in silicon (Si)was approximately 13.2 + 1 uGy/h, while the dose rate from neutral
particles was around 3.1 + 0.5 uGy/h [16], as can be seen in Figure 2.11

Despite these achievements, certain uncertainties were associated with the measurements:

» Noise characterization was conducted before launch, so changes in noise sources during the
mission could not be accounted for.

» The exact shielding provided to the LND instrument by the Chang’E 4 lander was unknown and
was estimated based on the best available information about spacecraft materials and construc-
tion [16].

The current understanding of the radiation environment on the Moon’s surface comes mainly from ra-
diation transport models, which use inputs like galactic cosmic ray spectra and solar particle events.
While these models are based on solid physical principles, uncertainties in their inputs and interpreta-
tions can lead to significant differences in the predicted total absorbed dose rate or dose equivalent
rate [49].

Using the detectors mentioned earlier, Spence et al. [18] combined CraTER data from the LRO with
simulations by Looper et al. [50] to estimate the dose rate at the skin during a prolonged solar minimum
to be about 2.88 mSv/d. They found that around 91.4% of the total absorbed dose near the Moon is due
to GCRs, with the other 8.6% coming from "albedo” particles—those reflected, scattered, or created as
secondary radiation. The precise contributions are shown in Figure 2.12.
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Figure 2.12: Contribution of various sources (from GCRs) to the absorbed dose rate on the lunar surface[18].
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2.4. Lunar Zebro: A Lunar Nano-Rover from TU Delft

Building on the previous section of space and lunar radiation environment, this section shifts the focus
on the Lunar Zebro rover, a small lunar rover developed by students at TU Delft. The project started
in 2017 as a space-focused extension of the Zebro project under the TU Delft Robotics Institute [51,
52]. The project aims to make space exploration more affordable and reliable by using swarm robotics
and simple, robust designs. The section will begin with an overview of the rover, providing a brief
introduction to its purpose and features, before gradually transitioning to the design and specifics of
the currently developed scientific instrument, the "Radiation Payload” .

Figure 2.13: The Lunar Zebro rover, as presented during IAC2024

2.4.1. Mission and scientific objectives

As shown in Figure 2.13, the Lunar Zebro rover features a six-legged, C-shaped design. The first mis-
sion aims to send a single rover to the Moon to test its capabilities over one lunar day (approximately 14
Earth days) [53]. This duration was chosen due to the extreme temperatures experienced during the
lunar night, which could prevent the rover from functioning. Efforts are underway to address this chal-
lenge, but for now, the focus of the first mission is on conducting scientific experiments and evaluating
the rover’s technology in the lunar environment.

The mission will test several key technologies developed for the Lunar Zebro rover [52]:

» Operating a miniaturized rover on the Moon.

* Running a custom-built Electronic Power System (EPS).

+ Demonstrate the rover’s capability for semi-autonomous navigation.

+ Testing the unique C-shaped legs on rough lunar terrain.

» Communicating directly with Earth using low-power electronics.

» Navigating the lunar surface with vision-based obstacle detection software.

A significant advantage of the Lunar Zebro rover compared to stationary landers is its mobility. The
rover can measure radiation at multiple locations across the lunar surface, providing detailed insights
into how radiation levels vary. By equipping the rover with multiple radiation sensors, the mission aims
to study the effects of scattering, secondary radiation, and environmental features in greater detail.

The scientific objectives of this mission include, but remain somewhat flexible:

» Observing SEPs to validate models of the solar wind and heliosphere.

» Measuring GCRs, such as protons and heavy ions, to improve the design of small, radiation-
resistant systems for space applications.

* Investigating how lunar radiation levels vary with solar activity.

» Understanding how geological features, such as craters and hills, influence radiation shielding
and reflection.

The data collected from this mission will provide insights into the effects of lunar radiation on both elec-
tronics and robotics, which is crucial for improving the reliability and durability of space systems. These
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measurements will also inform the design of future rovers and payloads, enabling the development of
more robust and effective instruments for lunar exploration.

In the medium term, this mission lays the groundwork for deploying multiple rovers on the Moon, where
coordinated efforts can significantly enhance exploration efficiency. By leveraging swarm robotics, fu-
ture missions will be able to cover larger areas and gather more data than what a single rover can
achieve [54].

In the long term, the Lunar Zebro project aims to transform the way robotic space exploration is con-
ducted. By deploying swarms of small, low-cost, and durable rovers working together, the project seeks
to make planetary exploration faster, more accessible, and better suited to challenging environments.
This approach has the potential to accelerate discoveries and redefine how we explore other celestial
bodies.

2.4.2. Radiation Payload

The Radiation Payload was chosen as the main scientific instrument after several design reviews [53,
55, 56], with as goal to measure the radiation directly on the lunar surface. A prototype of the Lunar
Zebro Radiation Payload was designed, developed, and subjected to rigorous testing to validate its
performance by Shanbhag [2] which built on the work of De Meyere [1] characterization of the radiation
sensor, the Floating gate dosimeter (see section 2.5.) This section provides a concise summary of the
payload’s design process, objectives, and testing outcomes.

For the full design and development of the Lunar Zebro Radiation Payload, employing the V-Model
methodology, readers are referred to Shanbhag [2, Chapter 3]

Mission Objectives
The design of the radiation payload was guided by the following mission objectives:

1. To measure exposure to ionizing radiation on the lunar surface.

2. To characterize the radiation environment for lunar missions at various locations, spanning from
Earth orbit to the lunar surface.

3. Toevaluate the shielding effectiveness of the Lunar Zebro rover’s structure in protecting its internal
subsystems and components.

Stakeholder Requirements
The payload was developed to meet specific stakeholder requirements, including:

1. A minimum radiation dose measurement range of 100 Gy, with survivability in the mission’s radi-
ation environment.

2. Radiation tolerance and low power consumption (<1 W).
3. Compact size (<50 x 50 x 50 mm) and lightweight construction (<100 g).

4. Use of commercial off the shelf (COTS) components to minimize development complexity and
cost.

System Requirements
Building on stakeholder requirements, detailed system specifications were defined as follows:

1. The capability for time-resolved radiation measurements.

2. A total payload mass of less than 50 g.

3. A dose resolution of 0.5 mGy and the ability to measure TID up to 120 Gy.
4. Resistance to SEUs and operational survivability for TID up to 200 Gy.

5. Power consumption not exceeding 300 mW.

Using these criteria, the final design achieved a mass of 42 g and a power budget of 127.62 mW, both
with a 20% margin for safety and reliability [2]. This design is shown in Figure 2.14, with its interaction
with the roverillustrated in Figure 2.16. The current rover design includes two rinted Circuit Board (PCB):
the "mainboard”, which houses the primary components and is located inside the rover, shielded by the
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chassis for protection, and the "daughterboard”, an extension of the mainboard, mounted on the outside
of the rover to interact directly with the lunar environment. As shown in Figure 2.15, this arrangement
enables the sensors to detect a range of values, hopefully enhancing the mission’s scientific outcome.
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Figure 2.14: Lunar Zebro radiation payload design [2]
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Figure 2.16: Lunar Zebro Radiation payload system architecture. The mainboard contains the components necessary to
communicate with the Floating gate sensors and to the rover. The daughterboard acts as an extension to conduct
measurement radiation without rover shielding [2].



2.5. Radiation monitoring with Floating gates Dosimeters 19

2.5. Radiation monitoring with Floating gates Dosimeters

As mentioned in the previous section, the Floating Gate Dosimeter (FGD-03F) from Sealicon was se-
lected as the radiation sensor for the Lunar Zebro radiation payload. In the following sections, the
sensor will be explained in detail. Firstly, in subsection 2.5.1, a descriptive and quantitative model of
the Floating Gate Sensor’s response to radiation will be presented. Next, in subsection 2.5.2, the chip
layout will be discussed. With this knowledge, the different operational modes of the FGD-03F wiill
be examined in subsection 2.5.3. Finally, the sensor’s sensitivity to radiation and temperature will be
explored in subsection 2.5.4.

2.5.1. Floating gate sensor

The FGDOS is a radiation sensor based on a floating gate metal-oxide—semiconductor field—effect
transistor (MOSFET) structure. A schematic representation of the FGDOS is show in Figure 2.17. The
sensor is simple in its design, consistent with a floating gate (FG)? for storing charge, Si02° to elec-
trically isolated the FG and Aluminium (Al) on top to protect the FG from external electrostatic field [57].
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Figure 2.17: Schematic structure of FGDOS without the injector[58]

The charge can be introduced into the FG through several mechanisms, such as avalanche break-
down* or tunneling® from an auxiliary electrode[57]. Once the charge is stored, the FG can function
as a memory cell, retaining its state without requiring continuous power[59]. Additionally, FG can be
used for radiation monitoring by exploiting the generation of electron-hole pairs in surrounding oxides.
Depending of the the polarity of the FG charge, one of these two types of carriers is attracted towards
the FG gradually discharging it. This change in FG charge serves as an indicator of the radiation dose.
The FG can thus act as a dosimeter, functioning at zero bias. However, a small bias voltage is needed
to read the absorbed dose.

Descriptive and Quantitative Model

A detailed model describing the FG’s behavior under radiation exposure can be formulated, but certain
assumptions are required. The charge generated by radiation in the oxide can be expressed as[57, 58,
60]:

(gen = €EgepWe—p, (2.3)

where ¢ is the elementary charge, Eq., is the energy deposited by ionizing particles, and W, is the
energy required to generate one electron-hole pair. The deposited energy E,., can be written as:

2Usually made of Polysilicon, a silicon made up of many small crystals, making it a great electric conductor. Especially if it
has been doped.

3A dielectric material, reference as oxide layer

4Avalanche breakdown occurs when a strong electric field in a semiconductor (and isolators) causes free electrons to gain
enough energy to knock additional electrons loose from their atomic bonds. This creates a chain reaction, or "avalanche,” of
charge carriers, resulting in a sudden and significant increase in current through the materia

5Quantum mechanical phenomenon where particles pass through a potential barrier. This occurs because, at the quantum
level, particles have a wave-like nature
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Edep = PoxAtoxDa (2-4)

where pox is the oxide density, A is the area, t,, is the oxide thickness, and D is the dose.
Recombination of electron-hole pairs is the first significant process that follows charge generation. Two
important recombination processes can be identified: (1) the probability that electron-hole pairs recom-
bine immediately after generation (initial recombination), and (2) recombination that occurs as carriers
travel to the gate and bulk, interacting with impurities or traps in the material.

Assuming (i) that the FG has a positive charge on it, (ii) that all electrons created by radiation and
surviving initial recombination are successfully collected by the FG, and (iii) that no positive charges
are trapped in the oxide or at the silicon interface, the collected charge, Q..;, will be proportional to the
generated charge and can be approximated as:

Qcol = Qgen (1 - R(S)) s (2-5)

Where R represents the recombination rate influenced by the electric field £, which affects the propor-
tion of charge carriers that avoid initial recombination [61]. Once the charge variation on the FG has
been determined, the voltage variation (AV') as a function of the dose, can be calculated through the
capacitor relationship:

Qcol
AV = 2.6
=, (2.6)
where C, the capacitance of the capacitor, is expressed as:
A
= 7 (2.7)
Tox

with € being the permittivity of the dielectric (¢ = ¢, - €y, Wwhere ¢, is the relative permittivity and ¢, is the
permittivity of free space).

By substituting and combining equations, the voltage variation as a function of the dose can be ex-
pressed as:

2

AV = e(1 - R(E)) ep;;ti D. 2.8)

Looking at Equation 2.8, a proportional relationship between the dose and the voltage is expressed.
However, this voltage variation depends on the dose but also on the charge yield, i.e. the amount of
charge escaping the initial recombination, which is influenced by the electric field. Different particles
give rise to different fractions of carriers surviving the initial recombination[14], as can be seen in Fig-
ure 2.18

Considering that the electric field in the insulator can be expressed as the ratio between the voltage
across the capacitor and the oxide thickness, it can be expressed as:

_Vcap_

Vinit - AV

Tox lox

g (2.9)

Hole Trapping and long term trapping

However, the above physics model does not take into account that the charge collection mechanism
is unaffected by hole trapping in the silicon dioxide. As a first approximation, this assumption is rea-
sonable, as the amount of trapped charge is negligible compared to the electrons collected at the FG.
However, hole trapping is a cumulative effect that ultimately influences the sensitivity of the sensor[21].
Additionally, the model neglects the impact of different particle species and their associated energy on
the creation of electron-hole pairs [57, 58]. For example, a 500 keV proton would interact differently in
the material, producing a different number of electron-hole pairs than a 500 keV photon.
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Figure 2.18: The fraction of holes that survive initial recombination as a function of the electric field for different ionizing
species.[14]

Practical Measurement Techniques

The charge on the FG can be monitored by measuring the drain current of the transistor [62]. Alter-
natively, the FG potential can be compared to a reference transistor of identical size. In this method,
both transistors are biased at the same drain-source potential and forced to conduct the same current,
resulting in an equal gate potential[57, 63].

An important criterion for a dosimeter is that its reading should ideally be linearly proportional to the
dosimetric quantity being measured [64]. The same principle applies here: a linear relationship be-
tween the absorbed dose and the output of the reading system is desirable. However, as shown in
Equation 2.8, this behavior is not inherently linear, since the absorbed dose depends on the electric
field, which itself varies with the voltage drop across the capacitor.

Additionally, the relationship between the drain current and the FG voltage remains linear only for small
voltage variations. By constraining the capacitor discharge within a limited range, a linear response
between the dose and the current of the reading transistor can be achieved. The implementation of
this recharging process is illustrated in Figure 2.19.

— Recharge
— Discharge

Output

v

Total lonizing Dose

Figure 2.19: Linearization of the FGDOS sensor: The FG is charged to a specific value. When radiation interacts with the
sensor, the FG begins to discharge. If it is not periodically recharged, the FG may exceed its linear operating range.[60]
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2.5.2. Layout

For the Lunar Zebro radiation payload, The FGD-03F, seen in Figure 2.20, was used. This integrated
circuit(IC) was designed for radiation detection with a resolution of 2500 uGy [65] and a maximum
measurement capacity of 500 Gy[4]. Itis housed in a compact QFN32 package (5.0 x 5.0 x 0.9 mm) and
includes two independent sensors for redundancy. The sensor operates in two modes: low sensitivity
(10 kHz/Gy) [4] and high sensitivity (70 kHz/Gy)[4]. It requires a 5 V supply voltage and includes an
integrated temperature monitor with a resolution of 1 °C.

The sensor’s internal components include a reference oscillator to counteract temperature effects (more
in Appendix B), a charge pump for recharging post-irradiation, and internal counters for processing
the frequency output. It uses SPI communication for interfacing with microcontrollers. In addition, it
includes dedicated pins for power (analogue and digital), SPI signals (SCK, NCS, MOSI, and MISO),
and (NSTBY) to reduce power consumption when not in use. Finally, an interrupt pin (NIRQ) indicates
when new measurement data are available.

The sensor operates by converting the floating-gate current into a frequency signal, which is well-suited
for transmission over PCBs or coaxial cables. An FSM manages the operational modes, with settings
and registers accessible via SPI. Configurable parameters include the threshold and target values for
recharging, manual control options for recharging and discharging, sensitivity and operational modes,
and more.

VCCD VCC ENWR VB VCHP
FG D 03F +18V Charge Pump FGDOS®
= & Recharging Circuit Sensor
NSTBY [J ! L] NIRQ
Temperature SPI Interface & Logic
CKLJ Monitor Serial Number Counier

|- J J J

GNDD GND SCK NCS MOSI MISO

Figure 2.20: FGD-03F block diagram [65]

The drain current is converted into a frequency using a current-to-frequency converter, producing a
square wave signal that varies with the absorbed radiation dose [57].
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2.5.3. Operational Modes
The FGDOS device operates in three primary modes: Active mode, Passive mode, and Autonomous
mode. These modes are designed to provide a versatile system for radiation dose monitoring.

Active Mode

In Active mode, the sensor relies on an external circuit for both readout and recharge. This setup can
utilize components such as an FPGA® and an external power supply. During this mode, the sensor’s
frequency variation is continuously monitored throughout irradiation, enabling real-time data acquisi-
tion. Active mode is essential for live monitoring and data recording during experiments or operational
activities.

Passive Mode

The Passive mode enables dose monitoring without requiring external biasing or wiring of the sensor.
The dose is determined by comparing the output frequency before and after irradiation. This frequency
variation can be converted into a dose using one of two approaches:

 Using the sensor sensitivity as a calibration factor.
» Exploiting the characterization curve as a calibration reference.

A limitation of the Passive mode is its restricted dose range, which is constrained by the single discharge
of the FG capacitor.

Autonomous Mode

To address the limitations of Passive mode, the Autonomous mode extends the dose range to the
entire lifetime of the sensor. This is achieved by integrating a recharging circuit within the FGDOS
and enhancing the communication controller. Measurements in this mode involve periodic access to
the sensor registers via a digital interface, allowing data readout and sensor configuration through a
microcontroller(MCU).

In Autonomous mode, the sensor itself manages the recharge process. The absorbed dose is deter-
mined by monitoring the number of recharges and the output frequency at specific reading times. This
makes the mode particularly effective for long-term and self-sustained monitoring applications.

Dose Determination in Active and Passive Modes
For both Active and Passive modes, the absorbed dose D can be calculated using the following equa-
tion [4]:

o fsens(t2) - fsens(tl)
= S ,

D (2.10)

where:

* fsens(t1) @nd fsens(t2) are the sensor frequencies at times ¢; and t,, respectively.
+ S, represents the irradiation sensitivity of the sensor.

6A type of configurable integrated circuit that can be repeatedly programmed after manufacturing
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2.5.4. Radiation and Temperature Sensitivity

A significant challenge in using the FGDOS sensor lies in the strong dependence of its drain current on
temperature [57]. To mitigate this issue, the dosimeter system combines the FG sensor with signal con-
ditioning electronics and a current-to-frequency converter. This setup allows sensitivity measurements
in terms of Hz/Gy’, rather than the conventional V/Gy, offering a distinct advantage [57].

In this section, we will first examine the minimum detectable dose rate, followed by an analysis of
sensor degradation as a function of TID. Next, we will discuss the impact of temperature fluctuations,
and finally, we will conclude with a review of relevant findings from the literature.

Relating FG Potential to Radiation-Generated Current
The voltage variation from Equation 2.8, caused by radiation, generates a current (Z,.) that is directly
linked to the FG potential (V). This relationship can be expressed as [57]:

dVee
dt ’

I, =-C (2.11)
where C' is the capacitance of the FG capacitor, and dVig is the voltage variation due to radiation
exposure. By expanding this equation with the detailed expression for dVig, the current can be written
as:

I,=—C-e(l— R(e))poxtgx%D. (2.12)

Detection Limits
In authors of [57], using experimental data collected on the FG sensor, they could approximate the
voltage (Vkg) as:

Veg =V, {<1+“/'/E:t>exp (—DJ —1], (2.13)
where:
+ V. is the product of &£, a constant dependent on the type of ionizing particle, and the thickness
of the oxide,

* Vinit is the initial FG voltage before irradiation,
* D, is a constant given by:
Wefhcgr

D, =— . 214
eApox fo ( )

Then the sensor’s sensitivity at zero dose (D = 0) can be defined as[57]:

dVeg _ Vi+ Vo
dD |p_, - D,

(2.15)

The minimum detectable dose (dDnin) is determined by the equivalent voltage noise (v,,) over the FG
capacitor and the maximum sensitivity[57]:

Un

ADmin = SiDO

(2.16)
From Equation 2.13, it appears that the decay in sensitivity follows an exponential trend as a function
of the received dose. However, [3] observed that the sensitivity degrades linearly with the TID, with a
noticeable bending point at 80 Gy, see Figure 2.21. These tests were conducted in a Co-60 facility at
a dose rate of 3.06 Gy/h.

7A common dose unit seen in the literature is the "rad”, where 1 rad = 0.01 Gy. But this thesis stays with Grays.
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Figure 2.21: The FGDOS sensitivity degrades as a function of the TID while operating in passive mode.[3]

Temperature compensation

As discussed previously, the output signal of the FGDOS is influenced by temperature fluctuations
and requires compensation. To achieve this, an identical NMOS transistor [60] is compared to the FG
capacitor, is biased in similar conditions, and is integrated into the sensor. Using this, the generated
signal will follow the same temperature fluctuations as the signal generated by the radiation-sensitive
circuit but is immune to the ionizing dose.

Brucoli et al. [60] reported that the reference frequency is dose-independent, with a variation of less
than 1% over a cumulative dose of 230 Gy. However, they highlighted a disagreement between the ref-
erence’s response to temperature variations and the output frequency. This behaviour was character-
ized and is illustrated in Figure 2.22. In their setup, the FG was charged to different output frequencies
within the linear range of the sensor, while maintaining a constant temperature of 20°C. Additionally,
the twin transistor was fixed to a value corresponding to a reference frequency of 55 kHz at 20°C.
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Figure 2.22: The frequency variation of floating-gate transistors for different amounts of charge stored in the floating gate
(black) and the twin MOSFET (red) is shown as a function of temperature. The reported frequency values fall within the linear
range of the sensor described in [60], which differs from the linear dynamic range of the FGDOS sensor characterised in this

thesis.

If the assumption can be made that the relationship between the FG output signal and the reference
signal is linear, the sensor’s accuracy can be significantly improved [4]. To achieve this, the user should
monitor the behavior of both outputs during temperature variations after the initial recharge. This pro-

cess allows for determining a linear slope, which can then be used to compensate the FG output signal
using the following equation:
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fsens, compensated — (fref, 0 — fref) : sIope + fsens (2-17)

where fsens, compensated 1S the compensated sensor signal in Hz, Fe o is the reference signal at the
beginning of the measurement (used as an offset for comparison), fs is the reference signal in Hz,
fsens is the uncompensated sensor signal in Hz.

Using this method, voltage variations and temperature-induced effects are removed from the sensor
output, isolating its response to radiation alone.

Note Regarding MOSFET Damage

Typically, MOS technologies are only primarily sensitive to TID effects rather than DD, as ionizing
radiation leads to charge buildup in the gate oxide, resulting in threshold voltage shifts, increased
leakage currents, and degradation in device performance [25, 29].
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2.5.5. Literature review on Floating gate dosimeter

Over the years, various research groups have investigated the floating-gate dosimeter for different
applications. While multiple studies have provided valuable insights, discrepancies in the results have
also been observed. Below is a brief overview of some of the most significant research and findings.

Publications

* in 2012, Garcia-Moreno et al. [57]: Initial design of the Floating gate dosimeter using a frequency
as output was proposed. This was not the first time the concept of the floating gate as a radiation
was proposed.

* in 2013, Garcia-Moreno et al. [66], developed an improved version of the 2012 version with ex-
perimental results shown.

« in 2013, Alvarez et al. [67], An initial characterization of the floating gate sensor, designed by iC-
Malaga and currently named Sealicon, was conducted to evaluate its suitability for space missions.
The results indicated that the sensor remains adequate for space applications up to at least 100
Gy(Si). Additionally, the study reported a sensitivity in high-sensitivity mode ranging from 26.5 to
30.0 kHz/Gy. It was also noted that the chip was fabricated using 0.8 ym commercial technology
with an oxide thickness of 0.25 nm.

* in 2014, Cesari et al. [68], characterised the recharging cycles of a floating gate PMOS radiation
sensor. Compared to the 2012 version, which was based on an N-MOS design, the PMOS variant
exhibits lower 1/f noise than N-MOS devices, potentially increasing the sensor’s lowest detectable
dose.

* in 2014, Danzeca et al. [58], a prototype of the FGDOS has been characterized with a Co60
source and with protons. The dependency of the sensor sensitivity on the dose rate and accumu-
lated Total lonizing Dose (TID) are investigated. An analytical model of the sensor is presented
in the paper and the theoretical sensitivity for the prototype of FGDOS is evaluated.

* in 2015, Cesari et al. [69] presented the results of two floating gate dosimeters by iC-Malaga,
currently named Sealicon, onboard the 4M lunar flyby. They did temperature characterization
before the mission from -20 to +50 °C, resulting in a look-up table. Using gamma irradiation,
they had shown that the high sensitivity mode was equal to gamma radiated: 38.5 kHz/Gy. This
article shows mostly that the concept of floating gates in space works, but the results have large
uncertain caused by mission deadlines.

* in 2016, Brucoli et al. [70] did a comprehensive study and characterization of Floating Gate
Dosimeter for the CERN environment.

* in 2017, Cesari et al. [71] This work aims to enhance FGDOS performance by improving noise
and sensitivity, validating predictive models, and incorporating radiation-hardening techniques for
better endurance and accuracy.

* in 2017, Brucoli et al. [72]: the suitability of a floating gate dosimeter as a total ionizing dose
(TID) detector in mixed fields has been investigated. The FGDOS demonstrated high sensitivity,
resolution, and linearity, with a maximum radiation response spread of 2.9% among sensors in the
same batch and an error margin under 10% for TID measurements. It outperformed RadFETs in
resolution, requiring significantly less time for dose stabilization, and achieved excellent linearity
using the auto-recharge system. Temperature sensitivity characterization provided a method for
correcting temperature effects, and the resolution achieved was 16 mrad(Si), much higher than
the 6 rad(Si) of RadFETs.

* in 2021, Brucoli et al. [73] explores a technique to measure the charge yield using the floating
gate measurement.

* in 2022, Rizzo et al. [74] investigate a new method for enhancing the sensitivity of the Floating
Gate Dosimeter. By increasing the electric field in the silicon dioxide, by installing an external
field over the sensor. Showed a sensitivity degradation improvement of up to 40% and sensitivity
enhancements of up to 60%.



2.5. Radiation monitoring with Floating gates Dosimeters 28

Master students

* in 2022, De Meyere et al. [1], integrated the Sealicon sensor chip with a Cube Sat testbed,
enabling real-time radiation data collection. Proton beam tests confirmed detection but revealed
lower-than-expected sensitivity and degradation with total ionizing dose. High electrical noise
was identified, requiring filtering and further research to improve performance, especially at lower
particle energies.

* in 2022, Shanbhag et al. [2] i) Radiation Payload design & development for the Lunar Zebro, (ii)
Modelling and analysis of the radiation environment in the context of the science mission of Lunar
Zebro and (iii) Extended characterisation and testing of the FGDOS for its application as the core
detector of the Radiation Payload.

— Combined radiation and Temperature Stress Testing: The payload was subjected to extreme
temperature ranges (-15°C to 93°C) while exposed to 120 MeV protons at dose rates of 0.001
to 0.6 Gy/min. These tests aimed to simulate the combined thermal and radiation conditions
of the lunar environment. The Results and Observations showed that:

* The effect of radiation on sensor frequency was successfully decoupled from temperature-
induced effects with high accuracy under moderate temperature gradients and mono-
tonic variations.

* For stronger temperature gradients and non-uniform thermal profiles, the decoupling
process exhibited reduced accuracy, particularly when uniform heating across the FG-
DOS chip was not maintained.

in 2023, Dijks et al. [75] focused on CERN’s Space RadMon-NG, a CubeSat payload designed to
improve space radiation monitoring with a Floating Gate Dosimeter for Total lonizing Dose and an
SRAM sensor for high-energy hadron fluence. System-level tests at CERN’s CHARM facility and
temperature characterization at a Cobalt-60 facility verified its performance, with deviations within
2.5% when proper compensation was applied. The payload demonstrated significant advance-
ments over traditional sensors, offering better resolution, lower costs, and reliable performance in
mixed-field environments. Challenges included communication issues and condensation during
testing.

Reviews,

Garcia-Inza, Carbonetto, and Faigon [76]: reviewing the main aspects of MOS dosimetry, as the
devices have been used for the last 50 years.

Gerardin and Paccagnella [77]: comprehensive discussion of total dose and single event effects
result in a wide cross-section of non-volatile memories, including FG devices.



Low-Flux Gamma Irradiation
Measurements

This chapter focuses on the gamma experiment conducted at RID. section 3.1 provides an overview
of the facility, leading into section 3.2, which explains the setup, uncertainties, and procedures. This
is followed by section 3.3, which presents and discusses the experimental results. Finally, section 3.4
concluded on the findings.

3.1. The facility: RID Calibration lab

In the basement of the Reactor Institute Delft (RID), there is a facility primarily used for the calibration
of measurement devices, as shown in Figure 3.1. To achieve this, the facility contains seven radiation
sources: four Cobalt-60 (Co-60) and three Cs-137 sources with different activities.

Since the intensity of the source follows the inverse-square law, different flux levels can be obtained by
placing the measurement device at varying distances from the source. The bench on which the setup
is mounted can be adjusted to positions ranging from 0.8 m to 5.5 m from the source. The sources,
their activities, and the dose rate at a distance of 0.8 m are listed in Table 3.1.

Figure 3.1: RID calibration lab. 1) PTW-Freiburg M2337 1000 CC -lonisation Chamber. 2) Movable bench. 3) lead-shielded
housing for radioactive sources. 4) PTW UNIDOS - Dosimetry monitor. 5) Custom setup, used for aligning and precise
distance measurements.

29
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Table 3.1: Reactor Institute Delft (RID) calibration lab. The source is contained within the blue lead container, as shown in

Figure 3.1.
RID internal Dose rate on 18 nov 2024, Activity source,
Container number reference number Type at 0.8 m from source. 27 mei 2021
[uGy/h] [MBq]
1 4270 Co-60 2.12 - 10° 6.10 - 10°
2 3259 Co-60 8.60 - 10° 2.49 - 10!
3 4271 Co-60 7.02 - 102 2.00 - 103
4 8290 Co-60 7.45 . 103 2.27 - 10°
7 3264 Cs-137 1.73 - 10° 1.37 - 10°
8 3262 Cs-137 1.79 - 102 1.50 - 103
9 3263 Cs-137 1.92 . 10° 1.53 - 10°

Radiation production

The sources mentioned above both create gamma radiation. In Figure 3.2, the decay of Co-60 and Cs-
137 are displayed. Both are widely utilized sources of gamma radiation, however, Co-60 has been the
standard for simulation of ionization effects in silicon components in the past, butin recent years Cs-137
has gained increased acceptance, owning to 30 years half-life and less severe shielding requirements
[64]. In addition, depending on the way the source is encapsulated, beta radiation can reach the
measurement device. However, at this facility, the sources are in an RVS capsule, which blocks beta
radiation, ensuring that only gamma radiation contributes to the radiation field.

Co6 o 137
5.272 years 873 B
years u
_— : S (94.6%)
S £(99.88%),0.31 Mel 0.5120 MeV
(-] 7 S ——
2% AAAASS LITRZMeY, Y —_

B (5.4%)
1.174 MeV 0.6617 MeV'y
NN 1.3325MeV, Y _" 88137
Nift =
(a) Co-60 decay scheme [78] (b) Cs-137 decay scheme. Info from [79, 80]

Figure 3.2: Decay scheme of Co-60 and Cs-137.

3.2. Methodology

There are a couple of standardized test procedures as mentioned by Ravotti et al. [64] for irradiation
of electronic devices. This includes, for example, ESCC 22900 Iss.5 (2016) [81] and MIL-STD-883
TM 1019.9. To enable precise and accurate dosimetry measurement, the device under target (DUT)
must ideally be characterized in terms of radiation energy, spectrum, and dose rate, to allow for reliable
predictions for radiation hardness assurance and behaviour[64].

In this experiment, only Co-60 will be used, and thus the energy spectrum can be neglected. It is then
only important to characterize the dose rate before placing the FGDOS in the beam. To do this, a
calibrated 1000 CC ionization chamber is used. This requires temperature and pressure correction, to
account for the change in the mass of air in the chamber caused by atmospheric variations [82]. The
effect of humidity, on the other hand, is generally ignored with the provision that the relative humidity
is within certain limits (typically 20% to 80%). Using the protocol from IAEA [83], the correction factor
krp can be calculated using:

(27324 T) Py

(273.2+Ty) P’

where P and T represent the cavity air pressure and temperature at the time of measurements, and F,
and Ty are the reference values, typically 101.3 kPa and 20 °C, respectively.

krp = (3.1)
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3.2.1. Uncertainty

The accuracy of dosimetry measurements refers to how close their expected value is to the "True” value
of the measured quantity. Uncertainties in these measurements can be divided into two categories:
Statistical (type A) and Systematic (type B). Statistical uncertainty u 4 is obtained through the statistical
analysis of repeated measurements, and reduced by increasing the number of measurements .

ups =

(3.2)

=l

With o being the standard deviation.

Systematic uncertainty is intelligent guesses or scientific judgments of non-statistical uncertainties. This
includes environmental processes (e.g. temperature, pressure, humidity, etc.), calibration, etc.[64].

For the measurement of the sensitivity of theFGDOS at low dose rates, a series of uncertainties (see
Table 3.2) must be considered. By identifying and optimizing each source of uncertainty, the overall
measurement uncertainty can be reduced, bringing the result closer to the "true” value.

Explanation Symbol How to minimize it?

Dose Rate Uncertainty

Uncertainty and measuring error By allowing the ionization chamber to stabilize,

of the dose rate Oread the average value and standard deviation can be measured accurately.
Greisinger GFTB 200: read value after stabilization
Uncertainty in temperature or relative error: +£0.5% of measured temperature
absolute error: + 0.1 °C[84]

Greisinger GFTB 200: read value after stabilization
relative error: +1.5 mbar[84]

By aligning the setup at the center of the bench,
replication errors can be significantly reduced.
Uncertainty in distance from source oy However, due to potential drift in the alignment system
and placement variations,

an alignment error of approximately 0.2 m is assumed.
The device is calibrated annually at VSL,

with reported values having a 3% uncertainty.

Uncertainty in pressure op

Uncertainty in device calibration Okal

Device-Specific Uncertainty - FGDOS

In LDR: Sensitivity is considered constant.

0Q,FG Outside LDR: If the change in sensor output is small,
sensitivity is also considered constant.

As long as the temperature remains within a few degrees,
Variation in temperature oT FG temperature compensation can be applied with minimal
additional error.

Both sources have very long decay times.

Variation in radiation source OD.FG Over a +48-hour measurement period,

the activity of cobalt-60 decreases by +0.0072%.

Delta Elektronika EST 150 - Triple DC power supply:

In constant voltage (CV) mode, stability is 10~5[85].

Variation in sensitivity as a function of
charge on the floating gate (FG)

Variation caused by voltage oV, FG

Table 3.2: An overview of uncertainties in sensitivity measurement and their minimisation

The sensitivity of the FGDOS is calculated using Equation 2.10. Assuming that both measured quan-
tities have associated uncertainties and that there is no correlation between them, the uncertainty in
sensitivity can be determined using the following equation:

o5 = Sy /()2 + (%ﬂ% (3.3)

where R represents the sensor response, with a linear fit applied to determine the average response
and its associated uncertainty or. The term D denotes the dose rate with associated uncertainty op.
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3.2.2. Setup

To characterise the behavior of the FGDOS under low dose rates, the daughterboard’, as shown in
Figure 2.14b, was used. The design allows for interfacing with the FGD-03F using minimal wiring and
without unnecessary components compared to a breadboard setup, reducing complexity.

Using a custom-made cable, the daughterboard connects to an Arduino via the D-sub P15 interface. A
schematic representation of this setup is shown in Figure A.1.

Further details on the engineering and operation of the setup are provided in Appendix A, while the
sensor history and temperature compensation method are discussed in Appendix B.

3.2.3. Test plan

The objective of this experiment is to assess the feasibility of accurately detecting radiation on the
lunar surface. As discussed in section 2.3, the LND measured a dose rate of 13.1 yGy/h during a solar
minimum. This value serves as the order of magnitude required for radiation measurements on the
lunar surface.

To achieve this, the experiment was conducted over four weekends. Table 3.3 provides an overview of
the irradiation campaign, including any anomalies observed during each week.

Table 3.3: Overview of the low dose rate campaign

Date Test purpose Duration Dose rate Anomalies
(s) (mGy/h)

lonization chamber:
Too close to source,
235674 + 15 6.2+20 no homogeneity
Spyder unresponsive:

CSV files too large
Run 1: Windows Update:
15/11/24 - 18/11/24 - : 236353 + 15 1.78 £ 0.05 Caused a short
Aim: £+ 0.6 mGy/h :

timeout
Short circuit ->

sensor recharged beyond

Trial run,

6/09/24 - 10/09/24 . .
low irradiation test

Run 2: .
22/11/24 - 25/11/24 Aim: + 0.06 mGy/h 230849 + 15 | 0.250 + 0.002 ||ne§r range ->
not possible to discharge
back
Run 3: . I
29/11/24 - 03/12/24 Aim: + 0.006 mGy/h 325519 + 15 | 0.0013 4+ 0.0003 | Still outside linear range
Run 4:

comparison with run 1,
to obtain comparison between
the two operation ranges

03/12/24 - 04/12/24 88109 + 15 1.795 + 0.02 Still outside linear range

During the experiment, several lessons were learned that are important to highlight.

Trial Run Issues

Firstly, during the trial run, an issue was encountered where Spyder ? stopped responding after logging
and printing data to the serial monitor, despite the data still appearing to be logged. The issue was
resolved by creating a new CSV file every 6 hours.

Another issue involved the 1000 CC ionization chamber, which was placed at £0.85 meters from the
source. However, one of the key requirements for using an ionization chamber is that it must be placed
in a uniform radiation field. When positioned too close to the source, the source can no longer be
considered a point source, and scattering effects become more significant. A practical rule of thumb is
to position the detector at least five times the detector’s largest dimension from the source.

This explains the uncertainty observed in the dose rate measurements, with atmospheric corrections
taken into account. On Friday, the 6th of September, a dose rate of 6.8 + 0.1 mGy/h was measured,

"FGD-03F z1.1 192301
23pyder is an open-source Python IDE included in the Anaconda distribution.
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while on Monday, the 9th of September, a dose rate of 5.6 + 0.1 mGy/h was recorded. Based on internal
RID tables, the estimated dose rate was determined to be approximately 7.600 mGy/h. However, this
value should be considered indicative only, as further verification may be required.

To ensure more accurate measurements in future experiments, the ionization chamber should be placed
further from the source. However, if measurements closer to the source are necessary, a smaller
ionization chamber should be used instead.

Sensor Malfunction

A major issue occurred on 22nd November during a baseline test of the setup to validate its functionality.
It was observed that the second sensor was not being detected. After checking the cabling and power
cycling of the system, it was found that a probable short circuit had caused the sensor to recharge to
approximately 240 kHz.

Efforts to discharge the floating gate (FG) using both internal® and external* discharge methods were
unsuccessful, as the frequency stagnated at 206 kHz.

As seen in Equation 2.5 and Equation 2.9, the additional charge on the FG increases the electric field
in the oxide, which in turn reduces the initial recombination rate and increases the number of charge
carriers reaching the FG. However, the situation is more complex.

As shown in Figure C.3b, an increase in charge on the floating gate leads to a decrease in the sensor’s
sensitivity. By rerunning the first experiment and applying the temperature correction method (outlined
in Appendix B), a comparison can be made between runs inside and outside the linear range, allowing
for correction of this offset.

Additionally, the other sensor on the IC exhibited the opposite effect: when attempting to discharge it
from ~150 kHz, it instead charged up to 206 kHz and then appeared to stabilize at that frequency. This
highlights the need for a clearer characterization of the recharging and discharging mechanisms of the
sensor in future experiments.

Finally, the timeout during Run 1 was due to a Windows update.

3.3. Results and Discussion

In Figure 3.3, the results of the low-dose-rate gamma irradiation for the second sensor are displayed.
The results for the first sensor are provided in the appendix (see Figure F.1).

The top plot in Figure 3.3 presents the raw data, where a proportional correlation between the dose
rate and the accumulated charge on the FG can be observed. However, as the dose rate decreases,
temperature fluctuations become more dominant, making it visually appear as though the sensor is
malfunctioning or measuring incorrect values. The effects of low-dose radiation only become noticeable
over extended periods, but the precise extent of the decrease remains uncertain. This highlights the
necessity of temperature correction for low-dose-rate measurements, as outlined in Appendix B.

The bottom plot in Figure 3.3 displays the results after temperature compensation, where a linear fit
has been applied to the data to determine the slope of the measurement. Two key observations can
be made:

Firstly, values inside and outside the sensor’s Linear Dynamic Range (LDR) exhibit approximately the
same behavior (Run 2 vs. Run 4). From the HollandPTC test (see Figure C.3b), it was established that
operating outside the linear range leads to a decrease in sensitivity. To compensate for this effect, the
following correction factor is applied:

Sensor response(outside LDR) — Sensor response(inside LDR)

kEnpr=1+ ) (3.4)

Adose rate

where ky LR is the non-linear correction factor, resulting in values of 0.99 and 1.104 for Sensor 1 and
Sensor 2, respectively. The assumption is made that the decrease in FG charge is sufficiently small,

3By setting SET(2:0) in the register map to 16.5 V.
4By applying 20 V to the VCAP pin.
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allowing the sensitivity in the non-linear range to be considered constant.
Secondly, the values at 250uGy/h and 1.28 pGy/h indicate that obtaining dose rates of this order re-
quires an extended measurement period to draw concrete conclusions about the dose rate.
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Figure 3.3: Low dose rate gamma measurement on the FGDOS. On the top, is the raw data. While on the bottom,
temperature correction. For temperature correction values were 2.136 and 3.844 for inside and outside linear dynamic range
(LDR) respectively. The internal temperature sensor registered a fluctuation of ~ 3°C

Comparison of Gamma and Proton Sensitivity

In Figure 3.4, the sensor response is plotted as a function of dose rate for both Co-60 gamma rays and
120 MeV protons, allowing a direct comparison between the two radiation sources. Since personal
tests with protons have not been conducted using this specific sensor, the 120 MeV proton data is
taken from Shanbhag et al. [2, see p.120], which includes data from Run 1.2 and Runs 1.4 to 1.6.

A linear fit was applied to both datasets to examine potential correlations between dose rates. Some
dosimetry systems exhibit variations in response due to factors such as temperature, dose rate, angular
dependence, and energy (e.g., silicon diode dosimetry systems [64]). The intercept was set at (0,0),
as no sensor response should be observed in the absence of radiation.
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Comparison between 120 MeV protons and Co60 gamma radiation

(0 - -
L SR
N, -
~. R= -50.285-D +0

\ \.\ | sensitivity uncertainty:lo]
v -100 ale : [ rR=-31703-D+0
N . (._—I Sensitivity uncertainty = 0.3
T ~.
= \.\
N, ~o
c —200
8_ T T T T
2 0.00 74
Q r NGRS
o - i N I
s —300 L ~. I .
v r —0.05 >. ~.
c L ~ ] ~.
(0] ~ ~.
wn '~ ~.

F F ~. 1 \.\
_400_ ST E E — b.\.. . ] . RN
0 ,0000 0 ‘0005 0 ‘0010 0 ‘OOXS 0 ‘0010 0‘0025 N ~
" " " " " " L L L | L L L "
0 2 4 6 8
Dose Rate (mGy/s)
Proton Linear Fit Proton Data points
—-— Gamma Linear Fit ¢ Gamma Data points

Figure 3.4: The FGDOS response plotted against different dose rates, both 120 MeV protons and Co-60 gammas. The dose
rates are plotted in Silicon.

The gamma measurement at 1.28 uGy/h was excluded because it exhibited a positive sensor response,
which was caused by efficient long measuring.

From this analysis, a proton sensitivity of 31.7 = 0.3 kHz/Gy is obtained, while the gamma sensitivity
for this particular sensor is found to be 50.3 + 10.0 kHz/Gy.

Further, it is observed that the proton linear fit approximates the data quite well, including portions of
the gamma dataset. However, when examining the zoomed-in view, it becomes evident that the trial
run deviates from the other values. This deviation introduces high uncertainty in gamma sensitivity, as
the data point appears to be an outlier.

The divergence may stem from an inaccurate dose rate during the trial run. Alternatively, it could sug-
gest that the relationship between dose rate and sensor response is non-linear. For instance, Danzeca
et al. [58] reported a decrease in sensitivity as the dose rate increased.

Of the two possibilities, it is most likely that the trial run is the outlier. When excluding this value,
the gamma sensitivity drops to 36 + 2.0 kHz/Gy, bringing it closer to the proton sensitivity. Still, this
remains interesting. Firstly, the measurements are +60 Gy apart in TID, and from Figure 2.21 (as well
as Danzeca et al. [58]), it is known that the sensor exhibits degradation as a function of TID, suggesting
that it may have partially recovered from the initial proton irradiation.

However, secondly, it is well established that the interactions of protons and photons with SiO, are
fundamentally different (in additions their energies are different). The energy deposited by a single
charged particle is typically expressed by LET. In contrast to charged particles, the energy deposited
by photons cannot be described by LET. Instead, photons may either be absorbed in a single interaction
or undergo scattering [86].

Measurement time on the lunar surface

Based on the results discussed earlier, a problem has been identified related to the Lunar Zebro mission.
To estimate the required measurement time on the lunar surface, itis assumed that a new measurement
would yield results similar to the LND measurement and that the sensor’s sensitivity to radiation is



3.4. Conclusion 36

independent of the dose rate (a valid assumption based on Figure C.4). Consequently, the charge
depletion on the FG scales linearly with the dose rate.

According to the sensor data sheet, the noise level is 75 Hz, and for reliable detection, a signal-to-noise
ratio (SNR) of 5 is assumed. Extrapolation from the available data estimates the sensor’s response
to a 15 uGy/h gamma flux at 0.00013 + 0.0002 Hz/s, corresponding to a sensitivity of ~ 31,000 +
5,000 Hz/Gy. This is in agreement with general sensitivity values reported by Shanbhag et al. [2] and
Danzeca et al. [58] for the FGDOS.

The required measurement time can be determined using the equation:

- SNR - ngens

t -
S-D

: (3.5)

where t is the time required to detect the observation in secor]ds, nsens IS the noise level of the sensor
in Hz, S is the sensitivity of the sensor to radiation in Hz/Gy, D is the dose rate in Gy/s.

Applying this equation, detecting a signal with confidence at this low dose rate would require over 31
days, making it impractical for laboratory measurements.

For a lunar mission, additional challenges arise due to fluctuating dose rates and temperatures. Fur-
thermore, the Lunar Zebro mission is currently planned to last only 14 Earth days, limiting the feasibility
of obtaining meaningful results if this represents the typical lunar dose rate environment. Given the
mission’s goal of measuring dose rate variations behind different topographical features, the expected
measurement duration significantly constrains the ability to draw conclusive insights.

3.4. Conclusion

During this campaign, multiple low-flux gamma measurements were conducted to investigate the be-
havior of the FGDOS under conditions comparable to those reported on the lunar surface [16, 47]. The
findings indicate that, with its current characteristics, conducting relevant measurements on the lunar
surface could take several days. However, discrepancies remain.

One key issue lies in the reported noise levels. The Sealicon datasheet[4] specifies a sensor noise
of 75 Hz, while Brucoli et al. [60] applied filtering and moving average that reduced noise to 5 Hz. In
contrast, De Meyere et al. [87] measured a noise level of 110 Hz, which they managed to lower to 90
Hz using a moving average. These inconsistencies highlight the need for further characterisation and
noise mitigation strategies.

Another discrepancy concerns sensitivity. The measured sensitivity in this study is ~ 31 kHz/Gy, which
aligns with previous reports [1, 2, 58, 70]. However, this value remains significantly lower than the 70
kHz/Gy reported in the Sealicon datasheet[4] and the 54 kHz/Gy measured by Zimmaro et al. [3]. If
the sensitivity were 70 kHz/Gy, the measurement time would be reduced to approximately 14 days.

Assuming this analysis is correct and that SNR, sensitivity, and noise levels remain fixed, one possible
approach to improving measurement speed would be to increase the size of the FG, allowing for greater
collection of radiation-induced carriers and enhancing discharge. However, this modification introduces
several challenges. A larger FG could increase noise levels, complicate the recharging process, and in-
troduce design and fabrication constraints. Furthermore, such a change might compromise the current
payload design, particularly regarding COTS components and size limitations. While increasing the FG
size could theoretically improve sensitivity, these engineering trade-offs must be carefully considered
in future iterations.

In addition, future work should include further measurements with a Co-60 source, particularly at higher
fluxes, such as those available at ESA ESTEC’s Co-60 facility. This would provide an opportunity to
compare and overlap the results obtained from low-flux gamma measurements with those from the
HollandPTC campaigns. At ESA ESTEC, the Co-60 source provides dose rates ranging from 0.36 —
72 Gy(water)/h [88], while at RID, a dose rate of 0.05 to 7446 uGy(air)/h was available. For reference,
the proton irradiation at HollandPTC at 120 MeV produced dose rates between 0.057 Gy(air)/h and
45.91 Gy(air)/h[89].



3.4. Conclusion 37

These tests should ideally be conducted using new boards and fresh FGD-03F sensors, ensuring that
the measurements are free from any effects caused by prior irradiation. This would allow for a more
precise characterisation of sensor behavior.



Irradiation campaign at CERN CHARM

In the world, there are not many facilities that can test electronic devices in a mixed-field environment.
During the thesis, the opportunity to carry out an irradiation campaign at CERN was presented. In this
chapter, this campaign will be presented. First, the CHARM facility will be introduced (see section 4.1).
This will be followed by an overview of the test setup, the pre-test characterization, and the dry run at
CERN, as detailed in sections 4.2 to 4.4. This is followed by a preliminary analysis of the irradiation
weeks, which lasted two weeks (see section 4.5). Finally, the results are discussed in sections 4.6
and 4.8.

4.1. The CHARM facility

The CHARM facility is located in the East Hall area of PS (see Figure F.7). This facility was constructed
to test electronic systems in a variety of representative radiation environments, including particle, space,
and atmospheric applications [90].

The Proton Synchrotron(PS) beam is directed towards multiple physics experiments within the facility
using various beamlines. The T8 beam line supplies the proton beam to both the CHARM and IRRAD
facilities. Since the IRRAD facility is located upstream of CHARM, it can influence the beam intensity
reaching CHARM after the beam passes through it [91].

Upon entering the CHARM facility, the proton beam strikes one of three possible targets: a perfo-
rated aluminum target, a solid aluminum target, or a solid copper target. This interaction generates a
mixed-field radiation environment that covers approximately 70 m3. The layout of the CHARM facility,
including the entry point of the proton beam and the target area, is illustrated in Figure 4.1 [90, 92].
The proton beam delivered from PS is structured into "pulses,” known as spills’. Each spill lasts 350
milliseconds, with intervals of 1.2 seconds, forming a "supercycle” consisting of around 30 spills. These
spills are distributed across the different extraction lines of the accelerator. On average, the CHARM fa-
cility receives approximately three spills per minute, each spill containing around 3.1 x 108 protons [92].

The CHARM facility features four movable shielding structures, two made of concrete and two of iron,
that allow for adjustments to the radiation intensity at specific positions. The experimental equipment
can be installed in different ways within the facility. Firstly, the rack positions can be organized into
three categories: the grid position (G0), the lateral rack positions (R1 to R9), and the longitudinal rack
positions (R9 to R13). In addition to the rack positions, the facility also has two overhead conveyor
locations (G15 and G16, see Figure 4.1) [86, 93].

The radiation environment in CHARM is highly diverse, comprising a wide range of particles, including
protons, electrons, neutrons, kaons, pions, muons, positrons, and photons. The energies of these par-
ticles span an enormous spectrum, ranging from meV to GeV. Depending on the facility configuration,

Textraction of one or more bunches of particles over a period of time, with "bunch” referring to a tightly packed group of
particles traveling together in a beam
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Figure 4.1: Layout of the CHARM facility, showing the 24 GeV proton beam impinging on a target. The colors of the Montrac
and conveyor are inverted. During this test, the system was located at number 15, and no shielding was present. [86]

different spectra can be obtained. An example of the spectrum at R10, without shielding and a copper

target, is shown in Figure 4.2.

During the irradiation, the users are provided with individual, time-based dosimetry. The system is
called "ZRADMON” and provides TID, DD, (High-energy Hadrons) HEH, and thermal neutron fluences.

The TID is directly measured

using RADFETS °.
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le-2
le-4

—
L !
= le-6
(@)
a
o
& 2
5 le-8 -»- MUON
=
S, - PION
= KAON
£ le-10 -»- PHOTON
Ko, - PROTON
.‘é‘ -»- ELECTRON
2 1e12 HEH
[] -- NEUTRON
ol
(0]
O
S le-14
=
[

le-16

le-18

le-12 le-10 le-8 le-6 le-4 le-2 le+0 le+2

Energy [GeV]

Figure 4.2: Mixed-field spectra inside CHARM for the configuration with Cu target and no shielding (CuOOOQO) at position R10.
Graphs where obtain by FLUKA Monte Carlo Modelling. [95]

2curious readers about RADFETS

are pointed to: Holmes-Siedle et al. [94]
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4.2. Experimental and scientific purpose

The objective of this experiment is to validate the current state of the radiation payload in a mixed-field
environment. More specifically, this objective can be divided into three sub-objectives:

1. Verify the working of the radiation payload in a space-like environment.

2. Examine the difference in the characteristics of the daughterboard and mainboard in a mixed-field
environment.

3. Assessing the feasibility of neutron detection with Floating Gate Dosimeters.

Below, the three objectives are discussed in more detail. Firstly, testing the setup in an environment that
approximates the lunar conditions is crucial for understanding the mechanisms of radiation interaction
with electronic materials. It helps evaluate how these effects contribute to device failure, characterize
the device response, and determine the acceptability of production lots. Radiation tests are typically
conducted in the laboratory to replicate the environment, where the most dominant effects of radiation
are simulated. This is performed either using mono-energetic particle beams/sources with only one
or few discrete energies[96]. However, in real-world applications, electronic systems are exposed to
complex radiation fields composed of numerous particle types and energies. With the CHARM test,
the radiation payload can be exposed to a mixed field, simultaneously inducing TID, SEEs, and DD,
providing valuable insights into operational performance. The following system requirements can be
tested, as outlined in Shanbhag et al. [2, Table 3.4]

RADPAY-PERF-1.1 The payload shall be able to measure TID up to [120] Gy.
RADPAY-RAMS-1.1 The payload shall be able to withstand TID up to [200] Gy in operation.
RADPAY-RAMS-1.9 The payload firmware shall be fault tolerant. *

RADPAY-RAMS-1.10 The payload shall be resistant to SEUs.

Secondly, in subsection 2.4.2 4, it was outlined that the payload will be located at two different locations.
One of the FGD-03F will be shielded by rover body °. It was reported by Shanbhag [2] that the shielding
is expected to block most alpha and beta particles, while other radiation types may be altered based on
their energy and type. Using the data received from this, the aim is to decompose the lunar mixed field
and glean more information than a single FGDOS can. Testing this hypothesis provides insight into the
quantity and feasibility of this design. However, this test will not be identical to the lunar environment,
since the particles travel through several meters of air before reaching the detector, which acts as a
shield for alpha particles and low-energy radiation. Nevertheless, depending on the results, the next
iteration of the payload can be altered to increase the scientific yield.

Finally, as was mentioned in section 2.5, the FGDOS detect particles that create an electron-hole pair
in the oxide. However, since neutrons carry no charge and therefore do not interact via the Coulomb
force in matter, they can travel through many centimeters of material without any interaction, making
them difficult to detect [19]. When a neutron does undergo an interaction, it is with a nucleus of the
absorbing material. Resulting in the neutron being absorbed or producing secondary radiation. [19].
In a nutshell, the FGDOS has a low neutron sensitivity. A popular method for detecting neutrons is
to add a conversion layer in close proximity to a conventional detector of charged particles, which
transforms the incident neutron into secondary charged particles that can then be detected directly.
The interaction changes dramatically with neutron energy and the type of conversion material. There
are multiple materials commonly used as neutron converters, e.g., boron, cadmium, lithium, and 3He,
to name a few. For this experiment, cadmium and boron carbide (B*C epdm 41%) were considered.
Cadmium is a good thermal neutron filter, while boron carbide captures neutrons over a wider energy
range (the plot can be found in Appendix H). By adding the conversion layer on top of a FGDOS, in
theory, more gamma should reach the oxide, allowing the FGDOS to be used as a neutron detector.
Due to the wide neutron spectrum at CHARM and the toxicity of cadmium, boron carbide was chosen
for use.

3At the time of the project, The Lunar Zebro embedded software team was working on re-working the firmware. To minimize
operation risk and streamline development.

4in particularFigure 2.15

5also known as the chassis



4.2. Experimental and scientific purpose 41

4.2.1. CHARM setup

To achieve the goals outlined in the previous section, two new radiation payloads were created, each
containing a main board and a daughterboard. In total, four FGD-03F chips were used, each containing
two sensors, resulting in a total of eight sensors. The De is shown in Figure 4.3.

(a) View from the top. 1) Mainboard of setup 1, with sensor 1.1
and sensor 1.2.
2) Setup 2. 3) Ethernet input connector. 4) Daughterboard of
setup 1 with boron carbide on top for neutron experiment. These
are sensor 1.3 and sensor 1.4.

(b) An schematic side view of setup 2.
1) Sensor 2.3 & 2.4.
2) Mainboard with sensor 2.1 & 2.2.
3) 1.5 mm aluminium slab

Figure 4.3: The experimental device used at CHARM.

In designing the setups, redundancy was considered without adding unnecessary complexity.

The device begins in the lower right corner (see 3 in Figure 4.3a), where an Ethernet cable can be
attracted. From the Ethernet cable, the wires are branched into two separate setups. Each setup bus
contains four wires, namely the 5 V, RS485 A, RS485 B, and Ground. The setup on the left, named
setup 1, has the mainboard and the daughterboard separate to not allow the neutron measurement
to interfere with the measurement done by the main board (see 1 and 4 in Figure 4.3a). On the right,
referred to as Setup 2 (see 2 in Figure 4.3a), the two boards are stacked on top of each other with
1.5 mm of aluminum sandwiched between them to simulate the shielding effect of the chassis. In the
current rover design, this would be AL7075-T6[53], but for the experiment, another aluminum alloy was
used . In both setups, the aluminum was located ~5 mm above the mainboards and mounted with an
M3x05 male/female stand-off.

The wires connecting the two boards were modified compared to the initial design. Due to a combination
of transportation delays caused by internal factors and difficulties in remaking the intended cables, it
was decided to solder the wires directly onto the board instead of using headers and wire housings for
one of the setups. For the other setup, the previously created cables from setup 1 were used. These
cables had never been exposed to an irradiation campaign but may have degraded over the past two
years.

Risk analysis

Conducting tests at an external location carries certain risks, as the experiment cannot be easily re-
peated without incurring delays and additional financial costs. For this reason, the design includes
some risk migration, mainly to prevent communication failures that could hinder the accomplishment of
the experiment objective. A risk analysis was conducted, leading to two key decisions. Firstly, the two
setups should operate independently to ensure that an issue in one does not affect the entire device.
Secondly, in the event of a communication failure, the software should routinely write a data package
to memory, ensuring data integrity and minimising potential losses. Each setup consists of an 8 Mbit
FRAM, with data packets consisting of 41 bytes /. To save data within the memory limit, The total
number of data packets is divided by the number of packets that fit in memory (rounded down). The

6from the 50xx or 6061 series

7A byte is 8 bit. One data packet consists of four sensor packets, each containing 3 bytes for sensor data, 3 bytes for reference
data, 1 byte for temperature, 1 byte for the recharge counter, and 1 byte for the sensor ID. In addition, the data packets include
1 ODC byte (shared across all sensor packages) and 4 bytes for the time of saving, making the total size 41 bytes
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result is then rounded up to determine how often each package should be saved. It was found that
roughly every 23rd data packet should be saved when the sampling rate was set every 1.3 seconds.

Firmware

For the firmware, a modified version of code written by Shanbhag [2] was used, namely "main v1.1”.
The modification of the code includes additional functions for communication and saving to the data
package. The rest of the code remained unchanged. In de subsection D.0.1, the pseudo-code of the
used code can be found (see Table A.2).

Connection

To provide an overview of how the device is connected within the overall experiment, Figure 4.4 illus-
trates the connections for both the device in the CHARM facility and the corresponding connectors in
the control room. Additionally, the custom cable created for the control side is illustrated in Figure 4.5.

RS485
connector

Daughter Main
Board Board

]

CHARM Facility

Control room

RS485 USEE

INA219
£POWGF = power monitor 12¢

Power unit ‘ Arduino ‘ Laptop

( oo 0) Control panel

TPower- INA219 12C

power monitor

RS485

Daughter Ro4gs
Board Board |connector = Power

RS485 to
RS485 ey

Figure 4.4: lllustration of the experimental setup that will be used for the testing at CHARM. Yellow lines represent
communication lines, and red lines indicate power lines.

Figure 4.5: A custom cable is created to connect the monitoring system to the patch panel via an Ethernet cable. The two
devices at the bottom are USB-B to RS-485 converters. Additionally, the red Ethernet wire serves as a dedicated ground
(shield) for the setup. Orange - RS485 A for setup 1, brown - RS-485 A setup 2, green for setup 1 5V, blue - setup 2 5 V. The
white serves as the ground (GND) or the RS-485 B line, depending on the corresponding twisted pair color.



4.3. Pre-campaign characterization 43

4.3. Pre-campaign characterization

Before going to the facility, the device needs to be characterized for temperature and irradiation sensi-
tivity. Unfortunately, an extensive characterization campaign with the sensors was not possible due to
truncated timelines resulting from delays in component delivery.

Temperature characterization

First, the temperature behavior of the sensors was characterized. This was done in the same way as
outlined in Appendix B. In Figure 4.6, the raw data between the sensor and reference output is shown,
while in Figure 4.1, the linear fit through the data is displaced.

From the data, it can be seen that the values are different for each sensor. This is to be expected, as
each sensor has slight fabrication differences.

CERN setups temp baseline: Sensor vs. Reference Frequency Sensor Linear fit SIope Filtered

85000 ‘ ' ' ‘ (x10) slope
=

~ / Sensor 1.1 1.626 £ 0.020 1.618
£ 80000 Sensor 1.2 | 1.595 £ 0.005 1.596
: Sensor 1.3 | 1.538+0.006 | 1.539
g N Sensor 1.4 | 1.462+0.008 | 1.460
2 70000 / Sensor2.1 | 1.813+0.004 | 1.813
" s = Sensor2.2 | 1.775+0.010 | 1.777
— ‘ | ‘ Sensor 2.3 | 1.552 + 0.006 1.550
70000 72008 ference framsency (. 78000 Sensor 2.4 1.534 £ 0.010 1.539

e Sensorl.l
e Sensor1.2

Sensor 1.3
e Sensorl4

« Sensor2.l
e Sensor2.2

Sensor 2.3
e Sensor2.4

Table 4.1: Temperature correction coefficient for different
sensors. The filter slope is the slope obtained by
removing the outliers in Figure 4.6

Figure 4.6: Raw data of sensor and reference output as a
function of temperature.

Irradiation characterization
Next, the sensors were characterized using a Co-60 and Cs-137 sources. The same procedures and
method described in chapter 3 are used. Between source switches, the setup remained in the same

position and was not moved. In Table 4.3, the values obtained using this method are shown.

Co60 Cs137
[4330 + 100025¥] [6472 + 100025Y]
Sensor response  Sensitivity | Sensor response  Sensitivity
[Hz/s] [kHz/Gy] [Hz/s] [kHz/Gy]

Sensor 1 0.129+0.005 29.8+7.0 | 0.183+0.003 28.3+4.0

Setup 1 Sensor 2 0.116 +0.005 26.8+6.0 | 0.173+0.003 26.7 +4.0
Sensor3 | 0.059 +0.004 13.6+4.0| 0.091+£0.003 14.1+20

Sensor4 | 0.079 +£0.004 182+40| 0.161+£0.003 249+4.0

Sensor 1 0.111 +0.005 256 +6.0 | 0.138+0.003 21.3+3.0

Setup 2 Sensor2 | 0.121 +£0.005 279+7.0| 0.155+0.003 23.9+4.0
Sensor3 | 0.090 +0.004 20.8+5.0| 0.189+0.003 29.2+5.0

Sensor 4 0.119 +£0.004 275+7.0| 0.190+0.003 294+46

Table 4.2: Temperature corrected sensors response rate (Hz/s) to different radiation sources at 0.85 m and the calculated
sensitivity. For this, sources 4 and 7 were used. (see Table 3.1).

During the writing of this thesis, it was observed that the calibration was conducted very close to the
radiation source, where the setup was not fully immersed in a homogeneous field (similar to what was
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observed in Table 3.3). As a result, the uncertainty was increased to account for this variation. Addition-
ally, the dose rate decrease caused by slight differences in sensor positioning was not compensated
for. This means that, for sensitivity calculations, it was assumed that all sensors experienced the same
dose rate, which further contributes to the overall uncertainties.

Regardless, one key observation can be made about the results. Both Co-60 and Cs-137 exhibit the
same sensitivity for all sensors except 1.4 and 2.3. The exact cause of this discrepancy is unclear, as
aside from changing the source, the radiation field did not change significantly, and the setup was not
moved. In particular, for sensor 1.4, determining sensitivity is challenging, as the measured values vary
considerably across the |C, making it difficult to draw definitive conclusions at the moment.

Noise characterization

In Figure 4.7, a baseline measurement (no radiation) of setup 1 was conducted, where all sensor
outputs were shifted back to zero. It can be observed that the data contains outliers. The data points
above 4000 originate from the sensor reading the reference register map. The cause of the outliers
closer to the mean is less clear. Regardless, as a first-order filter, most outliers can be removed using a
moving average ° on the data and discarding values that fall more than 1.5 standard deviations outside
the mean.

Additionally, it is clear from the graph that all four sensors follow the same behavior. This fluctuation
is caused by slight variations in temperature. At the beginning of the graph, all sensors show a rapid
decrease, which is due to the initiation of the sensor. As a result, roughly the first minute of data
acquisition should be taken with a grain of salt, as the clock speed (WCK) needs time to stabilize.
However, since the reference exhibits the same behavior, this effect can be corrected by using the
temperature compensation technique.
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Figure 4.7: Raw data from Setup 1 during periods of no irradiation. The sensor data has been shifted to zero for easier
comparison between the sensors. The highlighted region roughly marks two distinct types of observed outliers.

8For large outlier removal, a window size of 10 was used, whereas for smaller, close outliers, a window size of 15 was applied.
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4.4. Dry-run testing at CHARM

Before the irradiation, users are required to install their system in a mock-up environment to verify its

functionality, since significant modifications are no longer feasible once the system is in the facility.

Figure 4.8: Overhead conveyor system in the mock-up room.
1) The device in the mock-up conveyor. 2) Provided cabling
by CERN. 3) Patch panel on the control side to connect to the

device under test.
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Figure 4.9: Patch panel in the mock-up room. 1) The
connectors for the overhead conveyor, with on the right two

Ethernet connectors.

The device was mounted onto the overhead conveyor in the mock-up environment using an Ethernet
cable, as shown in Figure 4.8. This cable connects to a patch panel located on the opposite side of the
room (Figure 4.9), with approximately 50 meters of cable in between. This setup allows the device to
be connected to the monitoring system (laptop) in the control room. However, the long cable between
the device and the control system leads to signal attenuation and a voltage drop. To mitigate these
issues, RS485 communication was selected for the setups. This communication method was already
used for rover communication and is well-suited for long-distance transmission.

The goals of the dry run were to:

» Evaluate the device functionality after transportation.

+ Test the setup in a mock-up environment.

» Debug issues and implement additional code features.
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» Complete safety training for the radiation-controlled area.

However, due to extensive flight delays to CERN, significant last-minute changes were made to the
planning, resulting in less rigorous testing. Nevertheless, the conducted tests did not reveal any abnor-
malities, except for two anomalies. Firstly, the voltage drop across the mock-up system was:

» Setup 1 experienced a drop of approximately 1.1V and had a power consumption of 220 mW.
» Setup 2 experienced a drop of approximately 0.3V and had a power consumption of 80 mW.

The difference between the two systems is significant, and during the week, it was not possible to pre-
cisely determine the source of this high power difference. The voltage drop was corrected by increasing
the input voltage, ensuring that the setup received a stable 5.0V.

Secondly, it was discovered that additional noise was present in Setup 1 when connected to the mock-
up environment, as shown in Figure 4.10. The noise was only observed in the reference output of
Setup 1, increasing in frequency with the sensor number. In even long-duration measurements, it was
observed that the noise would occasionally stop without returning, with no notable change in the sys-
tem. Various tests ruled out personal Ethernet cables, mock-up cables, and communication glitches.
However, increasing the voltage appeared to mitigate the issue somewhat.
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Figure 4.10: Noise Observation in Setup 1 as a function of time. On the left, the output of the four sensors is plotted, while on
the right, the corresponding reference output is shown. It can be observed that after each increment, the noise level in the
reference increases.

In conclusion, the mock-up environment provided valuable insights into the performance of the setups
under conditions similar to those in the facility but without irradiation. Voltage drops and power dis-
crepancies between setups were identified, and the use of RS-485 ensured reliable communication
over long distances. However, without access to specialist equipment, resolving these discrepancies
proved challenging.
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4.5. CHARM Irradiation campaign

Following a week of dry runs, the device was ready for deployment within the facility. The setup was
securely mounted to the overhead conveyor system using zip ties, as shown in Figure F.3. Throughout
the weeks, the system was positioned at location 15, as illustrated in Figure 4.1. After verifying that
the power levels were sufficient following the cable connections, the system was deemed ready for
operation. The monitoring setup in the control room is shown in Figure 4.4, and an overview of the two
irradiation weeks is presented in Table 4.3 (and Table 4.4).

Table 4.3: An overview of the two weeks of irradiation campaign.

Week Beam on (CET) Beam off (CET) Noticible events

- Sensors not recharging
- Facility power outage and
technical issues.
Week 2 - Setup 1 stop communicating

(23-10 t/m 30-10) 2°571021:03:21  29-10 01:09:31 (25-10 at 15:31:12)

Week 1 16-10 13:23:20  17-10 17:30:24
(16-10 /m 23-10) 18-10 15:52:41  18-10 16:37:35

45.1. Week one discussion

As shown in Table 4.3, the irradiation campaign spans a period of two weeks. This was initially planned
to be a single week, as communication with the facility indicated that the first would be the last week
of operation before heavy ion runs are conducted at CERN. During the week, the irradiation week was
cut short due to a power outage ° followed by the discovery of a water leak within the facility. This
meant that the device accumulated only 47.6 Gy during this week. After discussion with the facility, an
extension of the campaign was possible.

Additionally, despite thorough preparations, an unexpected issue hit the device. After confirming that
the system was working correctly during the first 30 minutes of operation and then taking a lunch break,
it was discovered upon return that all sensors had discharged to nearly zero without triggering an
automatic recharge.

An examination of the code revealed that a commented-out section from a prior iteration, by Shanbhag
[2], had inadvertently disabled the automatic recharging mechanism. Even though recharging was
observed in the Appendix C test, this bug remained undetected during radiation tests of the device due
to the compressed timeline. Further testing on a separate payload indicated that the system ignored the
upper threshold and continued recharging indefinitely, which led to the original decision by Shanbhag
[2] to disable the feature during proton testing at HollandPTC.

Efforts to utilize the backup communication system for the device were unsuccessful due to another
bug that prevented the proper receiving of the command. As a result, the device was left running to
collect as much data as possible.

During operation, it was observed that the system occasionally stopped communicating several times
a day, requiring a manual power cycle to restore operation. Additionally, during the first night, sensor
1.3 (designated for neutron testing) experienced a SEEs that resulted in continuous recharging until a
power cycle was performed. The effect is shown Figure F.6.

4.5.2. Week two discussion

Following the challenges of the first week, a second week of experimentation was made possible.
Before the start of this week, issues related to communication and recharging were debugged and
resolved. To address the issue of recharging, a trigger mechanism was implemented where the MCU
would initiate a manual recharge. This was achieved by monitoring a moving average of 20 sensor
readings, and if the value fell below a predefined threshold, the MCU would trigger a manual recharge
lasting two MCU wake cycles. After this period, the recharging would stop automatically. The second
issue related to communication was fixed by extending the listing time on the RS485. This resulted in
setups that sampled every 1.906 seconds instead of every 1.337 seconds.

9During this time, power to the PS and CHARM was both off.
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Furthermore, the logging laptop was replaced, switching from a MacBook to a personal Windows PC.
The MacBook had been causing communication disruption errors and struggled to interface with all
peripheral devices simultaneously. On the Windows PC, the "RealVNC Viewer” was installed to enable
remote access and real-time monitoring.

Preliminary Observations and Actions

When updating the firmware, the sensors were recharged beyond the linear range (see Figure F.4) as
the recharge characteristics of each sensor were unknown. Consequently, the trigger threshold was
set differently to migrate potential risk: Setup 1 was set at 42 kHz, while Setup 2 was set at 32 kHz.
After radiation exposure, the sensors discharged back into the linear range. Once the sensor values
dropped below the defined threshold, manual recharging was successfully triggered.

However, after approximately two days, it was observed that the recharging speed decreased as the
TID increased. As a result, the sensors gradually recharged only partially, requiring recharging at
shorter intervals. To mitigate this, communication-based recharging was used more frequently, effec-
tively extending the interval between recharge cycles.

Setup 1 communication failure

On Friday, 25 October 2024, at 15:31:12, setup 1 stopped communicating entirely. After multiple power
cycles, where only a single print statement'® was transmitted back to the control room, but the signal
never returned. Initial diagnostics revealed that the RS485 B-line voltage had dropped to 0.4 V instead
of its usual level of approximately 2.2 V, suggesting a failure in the RS485 component. The exact cause
of this issue is still unknown and will require a post-campaign diagnosis.

10Thjs print statement was ”

”, Indicating the location where new data begins after a power cycle
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4.6. Results

During the experiment, a ton of data points were collected. To avoid overwhelming the reader, a subset
of the results will be presented. First, subsection 4.6.1 will display the data provided by the facility. Next,
subsection 4.6.2 will discuss the functionality of the setup during testing to evaluate its performance.
With an understanding of the individual components, the focus shifts to addressing the research ques-
tion outlined earlier. Finally, subsection 4.6.4 will present a selection of interesting anomalies identified
during the experiment. In addition, a visualization of the raw data, along with supplementary graphs,
can be found in Appendix F

4.6.1. CHARM facility irradiation data
In this subsection, the values provided by the facility are displayed. First, let's examine the number of
protons hitting the target per unit time, as shown in Figure 4.11. As seen in the data, the number of
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Figure 4.11: The number of protons reaching the copper target as a function of time during the two weeks of irradiation. It can
be observed that the numbers fluctuate significantly.

protons hitting the target is irregular, with significant differences between consecutive points. This vari-
ation is caused by the "super-cycle” mentioned in section 4.1. In the highlight section, slight variations
between cycles can be observed. As a result, the device is not exposed to a singular dose rate but
rather a mixture of dose rates, which closely resembles the expected condition on the lunar surface.
Table 4.4 provides an overview of the details supplied by the facility, each contributing to characterize
the radiation environment. For the remainder of the chapter, only the TID, POT, and sampling rate are
considered relevant.

Table 4.4: Summary of the irradiation campaign at CHARM, provided by the facility. TID = Total ionizing doses, HeH = High
energy hadrons, N1MeV = Neutron at 1 MeV, Thn = Thermal neutron, POT = Protons On Target, DD/TID = Displacement
Damage per TID, Rfactor = the fluence of thermal neutrons to HEH and, the sampling bin refers to the intervals at which data is
provided during a given week.

TID HeH NiMeV ThN POT DD/TID Rfactor Sampling

- 10t - 1011 - 101t 100 . 1010 Bin
[Gyl] [em™2] [em™2] [em™2] [#] [em2Gy'] [-1 [s]
Week 1 47.6 2.08 5.90 162 1.02 1.24 0.779343 19.24422
Week 2 95.6 419 1.37 3.27 3.27 1.43 0.779343 45.05961
Final value 1435 6.28 1.96 489 4.67 1.33 0.779343 -

4.6.2. Functionality of the radiation payload

The device consists of multiple components that must function properly to ensure reliable and accurate
data. To understand the broader picture, it is first necessary to examine the individual components.
Below, the data is analyzed from a macro point of view before focusing on the FGDOS.

Micro controller

The MCU is the hearth of both setups. Figure 4.12 presents a snapshot of various observables over
time, with different characterizations separated. Let's examine subplot 3, which illustrates the time
difference between consecutive data packets arriving at the monitoring system. From this, distinct
operational modes of the MCU can be identified, lining up with expectations based on the firmware
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Figure 4.12: Snapshot of the setup 1 during week 2 of irradiation. In the first graph, the raw sensor output data of sensors 1.1
and 1.3 are displayed. In the second graph, the reference data for those sensors are plotted with an offset relative to the
starting position solely for comparison purposes. In the third graph, the time difference between the arrival of data packets at
the PC is displayed, highlighting the different operating modes of the MCU. Finally, the reported dose rate has been plotted. A
moving average of 3, along with one standard deviation, is applied to the data to highlight trends.

(seesubsection D.0.1). Under normal conditions, the MCU transmits data every 1.906 s. Every 15
cycles, the current data packet is stored in FRAM, resulting in an additional 0.070 + 0.006 s to the
cycle duration.

Beyond routine operation, when one of the sensors in the system goes below a certain threshold, a
recharge is triggered. This adds an additional 0.59 + 0.03 s to the cycle. A superposition of those
modes can occur, such as when multiple sensors require simultaneous recharging or when a recharge
event coincides with a data-saving operation. Other functional states include command execution,
system initialization after the power cycle, and power cycling itself, each operating with a predefined
duration.

Deviations from these predefined modes may indicate the occurrence of SEEs or firmware glitch. As
shown in Figure 4.12, multiple operation states and disruptions are observed. Firstly, at the end of
the graph, an SEEs likely toggled the NSTBY of sensor 1.3 from an active high to low, forcing it into
standby and causing it to return only zero values. The MCU interpreted this state as requiring recharg-
ing and persistently attempted to initiate a recharging cycle. However, by the time a power cycle reset
the system on 24-10 at 07:12, the damage was already done, and the sensor reading had drifted to
292k. Secondly, the figure also shows a firmware glitch, where probably a high-energy particle interac-
tion within the MCU caused a temporary deviation from the expected cycle (for two cycles). The exact
mechanism and cause are not of primary concern. Rather, the key observation is that those glitches
do occur.

With this understanding, the analysis can be expanded to the full dataset from the second week, pro-
viding insight into the various operational states. During this period, the system experienced instances
where it failed to communicate with the external environment. These disruptions were caused either by
an MCU failure or the transmission failure institute by the RS-485 transceiver. Moreover, even when
no timeout occurred, anomalous data points were still observed, such as:
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Figure 4.13: MCU operational mode for Setup 1 and Setup 2 during the second irradiation week. Setup 1 lost approximately
two-thirds of the data due to a communication issue, while Setup 2 remained fully operational.

« Failure in decoding of communication protocol.

— Incorrect combination of separate data bits within a data packet
— Insertion of extra characters and/or numbers, e.g., the addition of random zeros
— Loss of portions of the data packet.
» System receiving unauthorized commands, e.g., '1ere0,” which did not trigger any response.

Using this knowledge, Figure 4.13 can be constructed. This figure illustrates the occurrence of different
operational modes throughout the total duration. SEEs and timeout events are categorized separately,
depending on whether the data exhibited an offset or if no data was recorded during that period.

From Figure 4.13, it is observed that the system operates as intended overall. A notable consideration
is that the timeouts and SEEs could be further reduced by implementing a firmware-based mechanism
to automatically trigger a power cycle when necessary. Towards the end of the week, a mechanism was
introduced to initiate a power cycle whenever a data packet was not received within two minutes. This
led to an increase in initialization time but resulted in a reduction in both timeouts and SEEs duration.
Finally, no measurable slowdown in system operation was observed during radiation exposure.
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Figure 4.14: The average recharging speed of different sensors as a function of TID. A centered moving average with a rolling
window of 30 was applied, ensuring that at least one data point was included per window. This helps highlight the overall trend,
as abnormalities and high-flux radiation cause fluctuations in the recharging speed.
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Figure 4.15: Sensor recharging speed as a function of time. This is a command-based recharging event at 140.1 Gy. The
global decreases below zero indicate the arrival of high-flux radiation. Sensors started at approximately 34 kHz + 2 kHz and
stopped at around 110 kHz + 10 kHz.

Recharging FGDOS

During the second week, a decline in sensor recharging speed was observed. Figure 4.14 illustrates
the charging speed of each sensor as a function of TID. The first notable observation is the variation in
the starting position. Without the historical data from the initial ~ 50 Gy of exposure, it is impossible to
determine whether this difference originates from inherent sensor characteristics or if an upset event
during irradiation has altered the recharge behavior. For instance, sensor 1.3 experienced a SEE event,
as described in subsection 4.6.2, resulting in frequent recharge triggers. After a power cycle, a notice-
able drop in recharging speed was observed. Combined with SEEs that occurred during the first week,
this explains the deviation of sensor 1.3 from the other seven sensors. Secondly, a correlation appears
to exist within each setup. Sensors within the same setup exhibit similar characteristics, while differ-
ences are more pronounced between them. This variation may arise from multiple factors, including
the setup voltage, setup current, and the operational speed of the MCU. Finally, it was observed that
the recharging speed was not constant. Figure 4.15 illustrates a command-based recharge at 140.1
Gy. The recharging speed'’ decreases as more charge accumulates in the FG. A drop below zero indi-
cates the arrival of high-flux radiation at the sensors. This suggests a non-linear relationship between
charge accumulation and recharging speed, possibly due to circuit limitations, internal resistance, or
voltage regulation effects.

Current monitoring

To monitor the voltage and current consumption of the setup, a current sensor'”> was connected in
series. Due to device issues with the MacBook (as discussed in subsection 4.5.2), current monitoring
was only successfully installed on day 8 of the radiation campaign. Figure 4.16 illustrates the power
consumption of setup 2 during the second week. Now, let's break down the graph. The highlighted re-
gion represents nominal system operation. Every time the setup transmits data back, it is accompanied
by a power spike. Due to these high power fluctuations during normal operation, a rolling average of
75 points is applied to smooth the data out. This reveals a noticeable increase in power consumption,
rising from 105 mW to 240 mW when the beam was shut off. In the following hours, annealing was
observed, resulting in a decrease to 235 mW by the end of the measurement.

Additionally, anomalies such as timeouts, SEEs, and power cycles are superimposed on the graph.
Each of these anomalies has its distinct characteristics. For example, timeouts and power cycles gen-
erally appear as downward spikes, while SEEs and other glitches are observed as increases in power.
Below, an overview of various events that led to a power increase is discussed.

"The SET registry map bit was at 16.5 V
2pdafruit INA219
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Figure 4.16: Power consumption during the second week of operation for setup 2. The highlighted section displays a small
segment of the raw power consumption, while the overall graph shows a rolling average of 75 to smooth out normal operational
power variations. Various features can be observed in the graph: timeouts are marked with (T), SEEs with (S), and unknown

events with (?). The data spans a TID from 71.1 Gy to 143.5 Gy.

S1: After possible manually returning from a timeout, all FGDOS sensor values had discharged
to zero. A firmware bug related to manual recharging below 10,000 caused the MCU to glitch. A
power cycle resolved the issue.

S2: A power spike caused a 2 kHz jump in sensor and reference values. During this, the voltage
dropped from 5.05 V to 4.87 V, while the current increased from 20 mA to 65.1 mA. Despite
nominal data values, the recharge speed was lower. A power cycle resolved the issue.

S3: All sensors reported only zeros for reference, sensor, and temperature values. A power cycle
resolved the issue.

S4: A current increase caused an offset of 5k in sensor 2.1, while other sensors remained unaf-
fected. A power cycle resolved the issue.

S5: Sensor values fluctuated between zero and nominal for 4+ 50 seconds, followed by a timeout
with abnormal data points every 4+ 527 seconds. A power increase from 104 mW to 116 mW was
noted.

S6: Two events: First, periodic additions and removals of extra numbers led to a power spike.
Second, there is a sudden drop to near zero in all reference outputs. Both were resolved by a
power cycle.

S7: Sensor 2.2 reported incorrect values (~704 kHz, exceeding the sensor limit of 430 kHz).
Later, it dropped to 300 Hz, triggering the S1 bug. After a power cycle, it worked fine until sensor
2.2 was pulled low, causing only zeros to be recorded, which led to a small timeout. This issue
was resolved by a subsequent power cycle.

S8: All sensors and reference values dropped by 2.7 kHz, with new data points logged every 67
seconds. A power cycle temporarily reset the system, but a timeout and another power increase
followed.

S9: A current increase was observed alongside discontinuous jumps in sensor and reference
outputs. A power cycle resolved the issue.
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4.6.3. Irradiation Sensitivity

Having understood the global picture, the focus now shifts to FGDOS, beginning with observation from
the first week of the experiment. During this period, a SEEs event caused the sensor to trigger a con-
tinuous full recharge, and following a power cycle, it underwent a complete discharge, as shown in
Figure F.6. Throughout this discharge, the average dose rate remained approximately constant, mak-
ing it possible to derive a sensitivity curve over the FG range. The data was binned every 215 points to
ensure a sufficient number of data points per interval, resulting in 15 facility points. Afterward, sensitiv-
ity was calculated within this range. For the uncertainty, a first-order approximation assumed that there
were two constant dose rate'® during this period, allowing facility-related uncertainties to be ignored
and considering only the uncertainty in the sensor response. However, this assumption is not entirely
valid, as can be seen in Figure F.6. Nevertheless, under this assumption, the sensitivity as a function
of charges accumulated on the FG can be plotted, as illustrated in Figure 4.17. Additionally, it was
assumed that sensitivity as a function of TID remains unchanged. However, previous research has
shown that this is not the case (see Figure 2.21).

The graph illustrates that the highest sensitivity is achieved when the sensors operate within the lin-
ear range [50-90 kHz]. For practical applications, this region could be extended to cover a broader
range, provided that corrections are applied afterward to account for variations in sensitivity. Such an
extended operational range could be particularly useful during SPE.
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Figure 4.17: Sensor 1.3 sensitivity as a function of the charge amount on the FG. The measurement covers a TID range of
29.4 Gy to 44.6 Gy. The sensor experienced two timeouts, which are visible in the graph. However, due to the nature of the
floating-gate sensor, discharge still occurred. The uncertainty in the dose rate was not taken into account in the analysis. LDR
= Linear Dynamic Range, as reported in the datasheet.

Sensitivity as a function of TID

To address the impact of shielding and the addition of boron carbide, the data is divided into two seg-
ments: week 1 and 2. Figure 4.18 illustrates the sensitivity of the different sensors in the device during
the initial irradiation in CHARM, with the sensitivity calculated using Equation 2.10.

The first observation is that each FGDOS |C are segmented closely related, with sensors 1.1 and 1.2
appearing as outliers, sandwiching the other values. This is unexpected, as the control IC (sensors 2.3
and 2.4) was anticipated to be the most sensitive, having been exposed to the whole mixed field. In
contrast, the IC with 1.5 mm Al shielding, followed by the IC with 1.5 mm Al and PCB shielding, was
expected to exhibit lower sensitivity. The FGDOS with born was expected to be positioned between or
above these values, depending on the effectiveness of neutron conversion. When the sensor values
within a single FGDOS IC are averaged, the outlier effect diminishes, resulting in a sensitivity value

3In the frequency range of 262.07 to 312.91 kHz, a dose rate of 1.0700 Gy/h was used, while for the remaining range, a dose
rate of 1.8417 Gy/h was applied.
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of 65.3 kHz/Gy. This suggests that the addition of boron carbide to the floating gate increases the
sensitivity, while both types of shielding reduce the sensitivity.

Another key observation is that the initial sensitivity aligns closely with previously reported values from
the Sealicon data sheet [4]. If a complete uncertainty calculation were performed, the fluctuations in
proton delivery would result in a large standard deviation and, consequently, a significant 1o uncer-
tainty in the sensitivity. For the data point at 0.05 Gy, the estimated sensitivity uncertainty would be
16.1 kHz/Gy, while for the second point, it would be £13.6 kHz/Gy. However, since data points at the
same TID are exposed to the same dose rate,’, the uncertainty would only introduce an offset. For
this reason, only the uncertainty in the sensor is included.
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Figure 4.18: Sensitivity of the FGDOS during the first few Grays in CHARM. At TID = 0.05 Gy, the dose rate was 1.35 £ 0.1
Gy/h, while at TID = 0.4 Gy, the dose rate was 2.31 + 0.7 Gy/h. Only the uncertainty related to the sensor response is displayed,
as uncertainty in the dose would introduce a uniform offset across all values. All uncertainties are reported at the 3o level.

Next, this analysis can be extended to the data obtained during the second week. However, due to
the number of fluctuating parameters - dose rate, voltage-current characteristics, temperature, sensi-
tivity as a function of TID, sensitivity as a function of operation range, and the history of the sensor,
it was not yet possible to derive a quantitative conclusion from the results. This does not imply that
the sensor data are invalid, but rather that the current analysis is undercooked. For this reason, the
analysis has been moved to Appendix J. The key takeaway was that, in addition to further study, the
experiment could be replicated in the future under a more stable mixed-field environment with a higher
facility sampling rate to reduce measurement uncertainties.

4The creation of secondary radiation occurs as a function of 8 and ¢, resulting in minor dose rate differences at each sensor.
Additionally, wires in the line of sight may have slightly modified the dose rate at different sensors. However, these effects are
considered negligible, and it is therefore assumed that all sensors are exposed to the same dose rate.
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4.6.4. Unexpected observations

During the experiment, some unexpected results were observed. Notably, the sensors exhibited a
recovery time after a specific dose, and their response after beam shutdown showed intriguing behavior.
Each of these observations is briefly discussed below.

Recovery phenomena

Unlike other facilities, where sensors experience a continuous radiation stream, CHARM, the radiation
exposure occurs in high-intensity bursts when the 24-Gev proton hits the target. These bursts are fol-
lowed by short periods during which the sensor primarily detects lingering radiation resulting from the
activation of surrounding materials.

As the sensors were subjected to increasing TID, their response to radiation burst exhibited a progres-
sively steeper drop, followed by a recovery period. This effect is illustrated in Figure 4.19 for sensor
2.1, though similar behavior was observed across other sensors. Notably, sensor 1.3 began exhibiting
this behavior significantly earlier than the others.

An initial analysis of this recovery behavior indicates that an exponential saturation model fit provides
a good fit, particularly in later stages:

Sensor output = A - (1 — e~ ¢=%)/7)) 4 ¢ 4.1)

where t, represents the time at which the drop has occurred, 7 is the recovery rate, C is a vertical offset,
and A is the amplitude of the response. Due to time constraints within this thesis, a fully quantifiable
model of the recovery behavior as a function of TID could not be created. However, a several key
observation can still be made.

Firstly, the recovery behavior appears to be influenced by the dose rate, with higher dose rates leading
to steeper drops, as observed in the graph.

Secondly, the timing of the observed drops does not consistently align with the reported bursts of
irradiation. While the facility provided updates every 45.0 seconds during the second week, the nature
of the supercycle caused bursts to occur at varying intervals. Personal observations indicated that
bursts occurred every 10 seconds at times, while at other times, they occurred every 30 seconds. This,
coupled with slight noise in the data, makes pinpointing the exact moments where the bursts occur
challenging. A sliding window approach was tested to detect the onset of drops in the data, but the
results were mixed. The phenomenon was likely caused by degradation in the readout circuitry.
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Figure 4.19: In blue (0), the raw sensor 2.1 data at different TID levels is shown, while in red (x), a highlighted segment
represents the data between consecutive radiation bursts. All uncertainties are reported at the 3o level.

Post-irradiation characteristics

On 29-10 at 01:09:31, the beam was stopped, leaving the sensor exposed only to residual radiation
resulting from the activation of surrounding materials. As observed in Figure C.5, it is interesting to
monitor the behavior of the sensors after the beam is shut off. This is illustrated in Figure 4.20, where
the temperature-corrected values are plotted. The initial post-irradiation data is excluded but can be
seen in Figure F.2, as the system was operating around 33 kHz, which falls within its non-linear range.
From Figure 4.20, it is evident that the sensor response continues to decline even after the beam is
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stopped. However, compared to known nuclear laws, the response does not follow an exponential
trend. The sensor response appears to fluctuate between different dose rates, alternating between
acceleration and deceleration. The following observations are made. Firstly, the complete facility and
device post-irradiation is highly radio-active. Measurements indicate that the activation on Wednesday
morning was approximately 100 uSv/h at the rack connection point[97]. Due to the presence of high-
energy neutrons (see Figure 4.2), neutron capture and spallation processes can occur, leading to the
formation of a wide range of radioactive isotopes. Various elements are expected to become activated,
including:

« Silicon and oxidation layers (e.g., in FGDOS),

» Copper (e.g., in wiring and PCB)

* Tin, lead, and bismuth (e.g., in soldering materials),
+ and nickel, silver, and gold (e.g., in PCB coatings).

Most of the mentioned elements have half-lives ranging from a few minutes to a few hours. However,
some isotopes present will undergo radioactive decay over significantly longer periods, lasting months
or even years. This is observed in the gamma spectroscopy, illustrated in Appendix E. After 85 days,
21 nuclides remain radioactive, contributing to an ambient dose rate of 0.079 uSv/h.

Secondly, comparing the different signals, indicates that this is more of a global effect rather than a
sensor-individual effect. If an individual effect, such as annealing, were dominant, the slopes would
exhibit significantly different. This does not imply that annealing is absent but rather that it is not the
primary contributing factor. Finally, four power cycle spikes can be observed in the graph. Even though
temperature compensation has been applied, these spikes remain visible for sensors 2.3 and 2.4, while
they are absent for 2.1 and 2.2. This may indicate that the compensation coefficient has shifted. A post-
irradiation can confirm this shift.
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Figure 4.20: Post-irradiation sensor response as a function of time. The sensor output is shifted to zero to allow for
comparison. The data only shows the values that are in the linear range of the sensor.
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4.7. Post-irradiation investigation

The final tests for the device, conducted after the CERN campaign, aimed to study its characteristics
in a more controlled environment. However, due to external factors, the timeline of experiments with
the device was delayed beyond the scope of this thesis. A spectrum of the radioactive isotope was
recorded on 22 January 2025, and the results are presented in Appendix E. These results indicate that
the device was safe for transport to RID. Despite time constraints, the following investigations were
initially planned.

Firstly, an electronic investigation was necessary. One of the setups stopped communicating midway
through the experiment. The primary assumption is that the RS-485 transceiver component caused
this failure, but further investigation is required to confirm the exact cause. Additionally, setup 1 ex-
hibited high power consumption (before and during), which is suspected to be due to either main-to-
daughterboard cabling issues or a faulty component on the board.

Secondly, a recalibration investigation of the setups was planned, including both temperature correction
and gamma calibration, as outlined in section 4.3.

Finally, an extension of system characterization with protons was proposed using the HollandPTC
facility. The test plan involves an initial exposure to 120 MeV protons at a low dose rate (approximately
0.39 Gy/h) over an extended period of time. Subsequently, the dose rate and energy can be gradually
increased to approximate the conditions at CHARM. These tests aim to extend system exposure up to
200 Gy, allowing for the validation of a system requirement and the investigation of shielding effects
and potential indications of recovery behaviour.

4.8. Conclusion and recommendations

In this chapter, the CERN irradiation campaign was discussed. As outlined in section 4.2, the experi-
ment aimed to investigate the behavior of the Floating gate in a mixed-field environment to validate the
current design and to inform design decisions for the future. Below, the different sub-goals are shortly
discussed:

* (1) Verify the working of the radiation payload in a space-like environment.

Depending on how you look at it, the four system requirement tests were not passed. One of the setups
stopped communicating after 85.0 Gy, indicating that the system is not entirely resistant to the radia-
tion environment. In contrast, the other setup continued to operate until the end (143.5 Gy). Without
complete post-irradiation characterization, it is difficult to determine whether the issue is a fundamental
design flaw or a specific system problem. Due to facility-related challenges and operational issues,
the target of 200 Gy was never reached, and therefore, the second requirement could not be tested.
The firmware was not the whole focus of the experiment, as the Lunar Zebro embedded system is cur-
rently working on updating firmware for operation. Regardless, the issue of automatically recharging
not working is a critical issue. However, with the implementation of a manual recharge trigger (e.g., at
43 kHz), the operational risk can be reduced. This is if all edge cases are correctly considered. Finally,
several timeouts and single events were observed during the testing process. All could be reduced by
implementing the watchdog and firmware that could detect errors and enable a power cycle.

* (2) Examining the differences in characteristics between the daughterboard and mainboard in a
mixed-field environment, and (3) assessing the feasibility of neutron detection using floating gate
dosimeters.

As shown in Figure 4.18, a slight increase in sensitivity to neutron detection was observed compared
to the control, while the two shielded sensors exhibited a slight decrease. In this case, assuming that
all sensors experienced the same initial particle composition before being modified by the shielding
material, the differences in detection provide an indication of the ratio of certain particle types within
the mixed-field environment.

By using Monte Carlo simulation software, more quantitative results could be obtained, providing
deeper insights into the radiation environment and helping to address the mission objectives. How-
ever, the conclusive measurements were limited and contained several uncertainties. For instance,
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the significant difference in sensitivity between sensors 1.1 and 1.2 during the first week, along with
the challenges in obtaining reliable sensitivity measurements during the second week, indicate unre-
solved issues. Addressing these limitations through future work will be essential to get more robust
and interpretable results.

Recommendations for future experiment

As this may not be the last time parts of the Lunar Zebro rover were tested in a mixed field radiation
environment ', this subsection provides a concise overview of key lessons that | would take into account
if starting over from scratch.

« Firstly, | would consider increasing the size of the PCB for testing purposes, allowing for the
use of more standardised headers to simplify connections. In the current configuration, creating
custom cables for the Hirose DF-13 connector proved challenging, requiring experience with a
specialised crimping tool. Although this header is necessary for the mission, a more development-
friendly board could be designed specifically for testing.

Expanding the PCB would also allow for the integration of additional sensor components'®. This
would enable more extensive testing of different operational modes and facilitate greater data
transmission to the control room.

However, while modifications for testing purposes would provide more flexibility, the design should
still closely resemble the original functionality. It is crucial to balance additional features with
system reliability, as increased complexity introduces more potential failure points.

* | would expend the timeline with specific tests that need to be conducted before a go-no-go
moment. This timeline would present a list of critical functionality, and it would make sure that
those are tested. For example, the issue with recharging could have been flagged earlier in the
process if the planned extended pre-campaign calibration had been conducted.

* | would investigate the possibility of adding an extra redundancy line to ensure that data can still
be transmitted to the control room in case the RS485 transceiver fails, similar to what happened
during the loss of communication in Setup 1 during the experiment. In this case, a simple so-
lution would be to add an additional RS485 receiver to the UART lines, providing an alternative
communication path.

* | would investigate a method for remotely updating the firmware from the control room, even
though this would likely be challenging, as firmware updates require Spy-by-Wire communica-
tion protocol, which would be significantly attenuated over the extended transmission distance.
However, in the worst-case scenario, having this capability would be crucial for continuing the
experiment.

* | would aim to establish a more robust infrastructure for live monitoring and post-processing dur-
ing the experiment, enabling rapid adjustments when necessary. This would include additional
firmware-related triggers to help identify key relationships and detect critical events in real time.

To facilitate broader accessibility and collaboration, this system could potentially be integrated
into a web-based interface, allowing multiple team members to monitor results simultaneously.
This approach would reduce reliance on an on-site observer for validation, thereby improving the
reliability in detecting and responding to issues as they arise.

5For example, there are plans to validate the complete rover in CHARM before its first mission.

8For example, in the CHARM experiment, a high-precision temperature sensor would have been highly beneficial for thermal
monitoring. Furthermore, placing a current-voltage sensor in closer proximity to the setup could have been used to monitor
various signals on the mainboard, such as the four standby lines, which would help trace the origins of different SEEs. In
addition, those sensors would also allow for monitoring of power consumption before it is attenuated over the transmission lines.



Conclusion

This thesis set out to evaluate the state-of-the-art radiation payload of the Lunar Zebro to determine
its readiness for the first lunar mission. To achieve this, three radiation campaigns were conducted
alongside a series of functionality tests.

Proton Experiment at HollandPTC

The initial experiment aimed to validate previous findings and familiarize with the sensor’s behaviour.
The results indicated a lower sensitivity than reported by Sealicon[4], but they aligned with prior re-
search by Meyere et al.[1] and Shanbhag et al. [2]. Additionally, a high level of outliers (shifts and
jumps) was observed during the operation. By applying both selective and numerical filtering, it was
possible to extract a sensitivity curve and independent correlation between the proton flux and sensor
sensitivity.

Gamma Irradiation at Reactor Institute Delft

A second campaign was conducted at RID using a very low flux gamma source to simulate the dose
rate reported by the LND ( 13.1 nGy/h). The results showed that temperature compensation is cru-
cial for accurate dose rate estimations. Additionally, due to the observed low sensitivity of the sensor,
long-duration measurements are required to achieve statistical significance. Given the intended mis-
sion goal of measuring radiation at different lunar topographical features (e.g., inside caves, behind
rocks), the low dose rate and sensor sensitivity pose a challenge. Combined with potential voltage and
temperature fluctuations during the mission, these factors introduce additional uncertainties that must
be carefully accounted for.

Mixed-Field Experiment at CERN CHARM

The third campaign tested the radiation payload in a mixed-field environment, providing valuable in-
sights before system-level testing with both the payload and the rover. Initial exposure results showed
sensor sensitivity values consistent with Zimmaro et al. [3] and Sealicon datasheet[4]. In addition, a
sensitivity curve across the full FG range was possible to be established for one of the sensors. How-
ever, due to significant fluctuations in various observables, it was not possible to conclusively determine
the maximum sensitivity as a function of the total ionizing dose for the remainder of the dataset. For
this, additional data processing is required to obtain conclusive results in this regime.

A major issue observed during this experiment was that none of the FGDOS sensors automatically
recharged as expected. Further investigation revealed a firmware bug that caused continuous recharg-
ing beyond the target point. Discussions with the manufacturer confirmed that the settings were cor-
rectly configured, but the root cause of the issue remains unidentified. Additionally, they suggested that
the sensors may require a manual “kickstart” to initiate the recharging process for the first few times.
This, coupled with a SEE (Single Event Effect) event that triggered an unexpected recharge, raises
concerns. If left unattended, the firmware’s inability to react appropriately could cause the sensor to
operate outside its linear dynamic range, potentially compromising the mission. Furthermore, when
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combined with manual discharge tests, which showed the sensor stalling after approximately 30 kHz,
this could result in an undesirable operational scenario for the scientific mission.

The CHARM experiment also revealed higher-than-expected power consumption compared to Shanbhag
[2]. Notably, Setup 1 exhibited an unusually high power draw from the start of the experiment and ulti-
mately lost communication at 85.0 Gy. Without a post-mortem analysis of the system, it is impossible
to determine the root cause or its implications for future radiation payload designs.



Recommendations for Future work

While this study has provided insight into the operation of the Floating Gate Dosimeter and evaluated
its suitability for a lunar environment, several areas require further investigation. As the following rec-
ommendations span multiple disciplines, they are presented separately, with a focus on those that
can be pursued within TU Delft. Firstly, the discussion will focus on improvements to the floating gate
technology. Secondly, recommendations for enhancements to the radiation payload will be presented.
Finally, potential long-term research avenues related to the Timepix detector will be explored.

6.0.1. R&D on the floating gate dosimeter

It was observed that the Floating Gate Dosimeter (FGDOS) is capable of detecting radiation in various
environments. However, these sensors are not individually capable of decomposing a mixed radiation
field. This, coupled with the reported sensitivity degradation [3] and our observations of the response
to low fluxes (see chapter 3), limits the potential of the FGDOS to yield significant scientific results.

Research has been conducted to address these limitations. For example, Rizzo et al. [74] applied an ex-
ternal field to enhance the electric field in the silicon dioxide, thereby increasing the device’s sensitivity
and reducing the sensitivity degradation. Similarly, Brucoli et al. [73] explored a modified FGDOS that
allows for measuring the charge yield of different ions and assessing the impact of impinging particles
with varying LETs in a mixed radiation field environment.

Nevertheless, from a university research perspective, it may be valuable to move beyond purely in-
vestigating commercial of the shelf (COTS) devices and engage in R&D efforts on the FGDOS. Three
potential research avenues are proposed: scaling, material addition, and stacking. These concepts
are illustrated in Figure 6.1.

Firstly, as observed in chapter 3, if the same dose rate outlined by the LND is to be measured while
distinguishing relevant observations within a single Lunar day, the sensitivity must be increased to
reduce the required measurement time for a particular event. Referring to the equation in section 2.5,
the most straightforward approach is to increase the sensor’s surface area, allowing more particles to
generate carriers that reach the floating gate (FG).

Secondly, an alternative method involves incorporating a material with a high neutron cross-section,
which would enable neutron capture and conversion into secondary particles (e.g., gamma rays or
alpha particles) that, in turn, create electron-hole pairs in the oxide. This material should be positioned
as close as possible to the oxide to maximize charge carrier generation while minimizing absorption
in other materials. This technique could be particularly useful for planetary exploration, as neutrons -
due to their 15-minute lifetime [98, 99]- are absent in cosmic rays or solar winds. Any neutron found
near a planetary body has been produced by cosmic-ray spallation of planetary matter and thereby
carries signatures of its birthplace. A properly designed detector could distinguish between thermal
and epithermal neutrons.” Such a capability is particularly relevant for human lunar exploration, as the

"Possibly achieved using two different sensors, one more optimised for thermal neutrons and the other for epithermal neutrons
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Figure 6.1: Three schematic representations of the Floating Gate Dosimeter, each illustrating a potential research avenue: (A)
Increasing the sensor area to allow for the detection of a greater number of particles. (B) Incorporating materials with a high
neutron cross-section, such as boron, to enhance neutron sensitivity. (C) Implementing multiple floating gates to enable
monitoring of the Linear Energy Transfer (LET) of different particle species.

presence of epithermal-to-thermal neutron ratios serves as a strong indicator of nearby water deposits—
a crucial resource for sustaining long-term lunar missions[48, 100, 101, 102].

The third technique follows the similar principles used in multi-junction solar cells[103] and AF — E
detectors[19, 104, 105]. Both rely on the fact that a given type of particle with specific energy exhibits a
certain energy loss as it traverses a material. By exploiting this principle and stacking multiple floating
gates on top of each other, it may be possible to infer the linear energy transfer (LET) of particles and/or
determine the fraction of a mixed field associated with different particle types.

However, all the above-mentioned techniques may be challenging to implement due to limitations in-
herent to CMOS technology. Additionally, unintended effects such as increased noise, dose rate de-
pendency, directionality sensitivity, and energy dependence may arise, which could be undesirable
depending on the design constraints.

6.0.2. Lunar Zebro radiation payload

The current design of the radiation payload has been primarily tested for radiation exposure, and its
characteristics have been demonstrated. However, before it is flight-ready, environmental testing in
combination with the rover must be conducted. Below a brief overview of different test for the current
state-of-the-art payload are mentioned.

Radiation Hardness Assurance testing with the lunar rover

The payload has already undergone several tests, but integrating it with the rover for testing
in the CHARM facility would provide valuable system-level validation. This would allow for the
assessment of interactions between the payload and the rover’s subsystems, and ensure that the
combined system can operate reliably in a mixed-field radiation environment. However, if this is
not possible, tests conducted in a Cobalt-60 facility would still provide valuable data.

Mechanical loads: Vibration and Shock Testing

To verify that the payload can withstand structural loads caused by launch, operation, and deploy-
ment, testing will likely be conducted at the system level at Royal NLR.

Thermal-Vacuum (TVAC) Test

The payload should undergo testing for vacuum exposure to ensure functionality in space-like
conditions. Additionally, its integrity under extreme temperatures and thermal cycling should be
further characterised to evaluate its performance and reliability in varying thermal environments.
This would expand upon the tests previously conducted by Shanbhag et al. [2, see Chapter 5.3
& 5.7.3].
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A Radiation Payload Operations Manual

A manual needs to be drafted that documents and communicates the design and behavior of the
Radiation Payload.

Future development on the Radiation payload

Exploring the addition of an SRAM to the payload, similar to what has been implemented in
CERN'’s Space RadMon-NG payload for the CELESTA CubeSat [106], could provide valuable
insights into characterizing the radiation environment. SRAM is a volatile memory bank that
loses its stored data when unpowered, making it useful for radiation characterization by detecting
single-event upsets (SEU) and single-event latchups (SEL). Research in this field is extensive,
as outlined by Coronetti et al. [106]. Additionally, studies have investigated the thermal neu-
tron sensitivity of SRAM-based detectors [107], highlighting their potential for thermal neutron
monitoring in space environments. A detailed explanation of SRAM implementation for radiation
measurements can also be found in Dijks et al. [75].

In addition, when future engineering and development boards are created, the recommendations
outlined in section 4.8 could be implemented. Furthermore, if size restrictions allow, the addition
of LEDs on the PCB would be extremely useful for debugging the system. Even though LEDs
may not be functional in space, their benefits during development and testing remain significant.
Secondly, the current board layout includes traces close to the mounting holes (e.g., near C16 on
the mainboard), which could potentially cause a short circuit. Addressing this issue would improve
reliability. Additionally, a review of the capacitor placement could be beneficial, as DEMO ? has
recommended replacing large capacitors with multiple smaller capacitors placed in parallel for
improved performance.

Finally, the recommendations from Shanbhag et al. [2, see Chapter 7.1] could also be incorpo-
rated into future iterations of the design.

Data processing

The CHARM experiment proved to be a valuable trial run for the eventual mission. For example,
during the second radiation week, Setup 2 transmitted approximately 274,000 data packets, each
containing information from the four sensors. This excludes any diagnostic triggers sent during
the experiment. During this thesis, data files were saved in "Comma Separated Values” (CSV)
format every X hours. Afterward, the data was filtered and processed into a single CSV data file
(~40 MB) along with a logbook file. Further data treatment was then applied to obtain the results
presented in section 4.6. For future iterations, it may be advisable to explore the use of HDF5 file
formatting instead of CSV. This would allow data to be organized into structured groups, with each
group containing relevant metadata, improving data accessibility and post-processing efficiency.

Manually discharge the FGDOS

During testing of the FGDOS, it was found that manual discharging of the floating gate would
stagnate after around 30 kHz. For this reason, it would be beneficial to extend these tests and
include the findings in the operation manual to improve understanding and future use.

Firmware

The current firmware is developed using the Energia IDE® for the MSP430 microcontroller. The
firmware version used in this thesis is an R&D version, which is not user-friendly, same for the
Energia IDE. Personal experience showed that using Visual Studio Code significantly improved
workflow. The firmware could benefit from increased flexibility and modularity, as well as improve-
ments in readability and organization. At the time of writing, the Lunar Zebro embedded systems
team was working on implementing improvements in this area but had not yet made significant
progress.

CHARM setup post-CHARM diagnostic

2https://www.tudelft.nl/demo
3Energia IDE is an open-source development environment based on the Wiring and Arduino IDE, designed for Texas Instru-
ments (TI) microcontrollers[108]
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As outlined in section 4.7, the current thesis timeline did not allow for a comprehensive post-
analysis of the CHARM setup or further investigation into what was referred to as "recovery time”
in section 4.6, as well as the sensitivity calculations during the second week in Appendix J. All
these aspects need to be further examined before making additional recommendations for future
iterations of the payload.

Future irradiation on the FGDOS

As outlined in section 3.4, further investigation is needed to overlap the results obtained from the
low-flux gamma experiments at Reactor Institute Delft (RID), HollandPTC and CHARM CERN. For
this, experiments at ESA ESTEC could be conducted to establish a direct comparison. Although
RID has high-flux gamma sources, they are not housed in a facility optimised for this type of
radiation testing.

+ Additionally, dedicated neutron irradiation would be valuable, particularly to support the findings
in Figure 4.18, which suggest an increase in sensitivity due to neutron exposure. For this, the
Neutron Depth Profiler (NDP) at RID could be used to further investigate this effect.

6.0.3. Space Radiation Environment Simulations

Previous simulation work by Shanbhag et al. [2]* provided initial findings using SPENVIS and Geant4
for the Lunar Zebro mission. However, a comprehensive investigation of the radiation environment is
needed to fully understand the surroundings and prepare for future system-level testing.

6.0.4. Timepix as a future payload detector

The search for more powerful scientific instruments for the Lunar Zebro rover is an ongoing endeavor.
The current radiation payload design is constrained by the rover system limitations, preventing the
integration of more advanced detectors such as Timepix. In the near future, these constraints are
unlikely to change. However, in the long term, this may be different, as a swarm of rovers operating
on the lunar surface and other extraterrestrial environments is envisioned. In such a scenario, a more
powerful rover could maybe support the necessary infrastructure to accommodate the Timepix detector.

An introduction to this detector is provided in Appendix G; however, several open questions remain
regarding the underlying constraints of integrating this detector into a nano-rover like Lunar Zebro.
These questions and challenges are also outlined in this appendix.

6.0.5. Final thoughts and Next steps

The outlined recommendations present multiple paths forward, containing both short-term objectives
and long-term developments. Priority should be given to immediate goals, such as investigating modi-
fications to the FGDOS to enhance its neutron sensitivity. In parallel, conducting more experiments on
the FGDOS will provide essential insights and validation. Finally, simulating the space radiation envi-
ronment is essential to better understand its characteristics and impact, further reducing uncertainties
and guiding future developments.

4See Chapter 4, Section 6.2, and Section 7.2 for further details.
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Setup details and sensor settings

To conduct radiation measurements using the FGDOS, it is essential not only to understand the un-
derlying physics but also to be familiar with its operation and the engineering aspects of the hardware.
The measurement instrument, referred to hereafter as "the payload”, is assembled in-house at TU Delft,
with individual components ordered separately, resulting in a custom-built device.

For this reason, this appendix provides a baseline for the various facets of the experimental setup used
in this thesis.

Firstly, an overview of the experimental setup is presented, followed by a discussion of the internal
settings of the floating gate sensor and the microcontroller (MCU).

Schematic setup
To control the floating gate dosimeter (FGDOS), as described in subsection 2.5.2, a microcontroller
(MCU) is required’.

During this thesis, two different MCUs were used: the Arduino Uno R3 and the MSP430FR5969IRGZR.
The latter is integrated into the mainboard of the payload (see Figure 2.14a) and was used for the CERN
experiments.

However, for this example, the Arduino Uno R3 is used to simplify the setup and facilitate prototyping.
A schematic representation of the setup is provided in Figure A.1, while Figure A.2 offers a visual repre-
sentation of the assembled system. The connection shown in Figure A.1 is a simplified representation.
In practice, the daughterboard contains resistors and capacitors that ensure proper system functional-
ity. For readers interested in a more detailed view, a schematic of the daughterboard can be found in
Shanbhag [2, page 181].

Firmware

To control this system, firmware is required. For this purpose, the Arduino is flashed with code provided
by Shanbhag [2], available at: "Payload-Daughterboard-PERF_TEST-Radiation Thermal’. Addition-
ally, a modified version of "FGD 03F read save simple-Payload PCB.py™®

is used to monitor the serial output and log the data into a CSV file with timestamps marking the time
of creation. The modifications made to this script allow for greater control over file saving and the
automatic generation of a new CSYV file every X hours.

Below, the pseudo-code for both scripts is presented.

A microcontroller is essentially a small computer integrated into a single (IC)

2https://github.com/Abhi-2049/REDMOON/tree/main/TESTINGY%20C0ODE/Payload-Daughterboard-PERF
TEST-Radiation_Thermal and it is important to note that the firmware contains a specific code segment that resets the
recharge count to zero when it reaches 16.

3https ://github. com/Abhi-2049/REDMOON/tree/main/TESTING%20CODE/Functional’%20Testing’%20DAQ%20scripts
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Figure A.1: A schematic of the electronic connections between the daughterboard and the Arduino Uno R3. The 12C
connections originate from A4 and A5, linking both the current sensor (INA219) and the external temperature sensor (TMP100).
Apart from these, there is a one-to-one connection between the two devices when using the Sub-D connector.
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Figure A.2: lllustration of the connections used for HollandPTC and gamma measurements. Note that the power supply is not
connected for simplicity. Wire color formatting: red - 5 V line, black - ground, yellow - SCL or SCK, light blue - SDA or MOSI,
Orange - NIRQ, brown - NSTBY, white - NCS, green - WCK, purple - MISO. Arduino to PC connector is a USB-A to USB-B
cable.



Arduino - pseudo code

1 Initialize Arduino

2 Load Libraries ;

3 * SPI.h ;

4 * Wire.h

5 * adafruit_INA219.h;

6 * FGD_O3F_extended.h

7 Initialize variables ;

8 Initialize flags ;

9 Declare FGDOS function;

10 % Declare Peltier Function (UNUSED)

12 Void setup()

13 Initialize serial connection with pc

14 Initialize INA219 ;

15 % Initialize peltier control pin (UNUSED)
16 % Initiialize Relay control pin (UNUSED)

17 Configure NSTBY pins;

18 Initialize Clock module ;

19 Initialize payload internmal SPI comms ;

20 Wait 1 second;

21

22 For each sensor (1 to 2);

23 Initialize Sensor;

24 Set FGDOS sensitivity mode ;

25 Set FGDOS recharging mode ;

26 Set FGDOS measurement window ;

27 Set FGDOS recharging mode ;

28 Set FGDOS recharging source to internal charge pump ;
29 Disconnect recharging system ;

30 Wait 4 measurement windows;

31 Set recharge target and threshold ;
32 Set recharge voltage and Enable recharging system ;
33 Wait 2.1 measurement windows;

34 Set NIRQ pins to input_pullup;

35 Set sensor to open collector (only low);

36 Read all FGDOS registers ;

s Void loop():

39 Read INA219 sensor data;

40 Read TMP100 sensor data;

41 % if peltier flag true;

42 % update peltier function

43 For each sensor;

44 If not recharging;

45 Read sensor data

46 Store sensor data

47 print FGDOS, INA219, TMP100 sensor data
48 Else if;

49 Read sensor data

50 Store sensor data

51 print FGDOS, INA219, TMP100 sensor data
52 print ("Measurement loop running")

53 Wait 2.1 measurement windows;

54

55

56 If command was send;

57 Execute relevant command;
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Python - monitoring code- pseudo

48

51
52
53
54

Load library;
DEFINE path_to_save, folder, filename, com_port, and baud rate;

FUNCTION serial_command(serial_connection);
LOOP FOREVER;
READ user input as command;
SEND command to serial_connection;

FUNCTION main();
CREATE folder path to save data;
IF folder does not exist;
CREATE the folder;

GENERATE datafile name using current date and time;
CONNECT to serial port using com_port and baud rate;
PRINT connection confirmation;

START a separate thread to handle serial_command with the serial connection;

OPEN datafile for appending;
SET t_stamp to current time in nanoseconds;

TRY
LOOP FOREVER;
WAIT for serial data with a timeout;
IF timeout occurs;
PRINT timeout message;
CONTINUE;

WHILE there is data in serial buffer;
TRY;
READ a line from serial and decode it;
CATCH decoding error;
PRINT error message;
BREAK;

GET current time (t);

CALCULATE elapsed time since t_stamp in microseconds;
CREATE datastring with elapsed time and serial data;
PRINT datastring;

WRITE datastring to file;

IF elapsed time since t_stamp exceeds x Hours;
CLOSE the current file;
GENERATE a new datafile name;
OPEN new datafile for appending;
RESET t_stamp to current time;
CATCH KeyboardInterrupt;
EXIT gracefully;

CALL main();
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A.l. Settings

The settings of the devices are just as important as the results they reveal. Below, two tables are
presented to highlight these configurations.

Firstly, the settings used to control the FGD-03F sensors are shown. This is achieved by modifying the
register map via the SPI* communication protocol. A complete list of register settings can be found in
Micro [4, pages 19-22 of A0.11].

Eggl:ter Map Value | Important Bits
0x09 0x0B;, | TARGET: Target frequency bit
Ox0A 0x06, | Threshold: Threshold frequency bit
EAWR: Enable automatic recharging mode (ECH must be 1)
EVBCHP: Internal pump charge from VB pin
0xOB 0xCD, NCHP: Internal or external pump source

ENDCH: Floating gate user-controlled discharge

WINDOW: Window length select bit

TVID: X/8 divider for TARGET and Threshold Register value

FCH: Force recharge bit

0x0C 0x79, | (When ECH and FCH = 1, recharge happens if VB is high voltage)
SENS: Sensitivity configuration bit

ENMC: Enable external compensation mode

ECH: Recharge global enable (affects all recharge methods)
EPWR: Enable pin-controlled recharging

0x0D 0x44y | (When EPWR, ECH, EWWR = 1, and VB pin is high)

NEASN: Enable automatic sensor/reference alternate measurement
E2V: Reference voltage selection for measurement

SET: Internal charge pump voltage [14.5 -18 V]

LOWN: FSM Timebase oscillator control during measurements
EDIRT: Measurements during SPI enable bit

NIRQOC: Interrupt output bit [open collector]

ENGATE: Measurement window by counts or grating at ck pin

OxO0E 0x064,

Table A.1: Register map configuration for testing with the daughterboard. The “h” in the Value column indicates hexadecimal

notation.
Attribute Value
Lab power Supply 5v
Readout interface SPI through Arduino
Sensor Mode Active
Sensitivity Modes HI SENS
Window Clock Frequency (WCK) 31250 Hz
Window Pulses 4096
Recharge Mode Auto recharge from internal pump
Recharge Voltage 16.5V
SPI Frequency 5 MHz
Baud rate 250000
Recharge Target Frequency - HI SENS 90000 Hz (85937.5)

Recharge Threshold Frequency - HI SENS 50000 Hz (46875)

Table A.2: FGDOS configuration details

4Serial Peripheral Interface



Al Settings 79

Practical tips

Figure A.1 does not include a relay module. The purpose of a relay module would be to enable
power cycling via external commands, which is particularly necessary in harsh radiation environ-
ments where SEEs may occur. To achieve this, every electronic line carrying more than 1.5V
is connected in series with a separate relay module, allowing the power to be switched off when
needed. In most cases, switching the power line in combination with the SPI lines (MOSI, MISO,
NCS, SCK) is sufficient to restore functionality. The reason for including the communication lines
in the relay module is that power leakage can occur through the system, potentially keeping parts
of the circuit active even when the main power line (5V) is disconnected.

Previous experiments included a Peltier element attached to the back of the PCB. This was done
to simultaneously vary both temperature and radiation exposure.



Temperature compensation

As mentioned in subsection 2.5.1, the drain current is temperature sensitive. To account for this, an
identical MOSFET is included in the circuit to compensate for this behavior. This appendix presents
how temperature affects the sensor output, explains how to compensate for it (as outlined in Micro [4]),

shows the compensated results, and finally illustrates the non-linear behavior under extreme tempera-
ture variations.

For this example, the sensor used by Shanbhag [2] to investigate the simulation behavior of radiation
and temperature was used. This sensor was exposed to approximately 61 Gy(Si) [87] (with the facility
reporting 66.79 Gy(air) [2]) the temperatures were cooled using a freezing spray to -15 °C, then allowed
to return to ambient temperatures through natural convection. The experiment took place on 24-08-
2022, where this temperature measurement was conducted on 06-09-2024. Before proceeding, it is
important to mention that it was reported by Brucoli et al. 2017 [72] that a small variation in the properties
of the sensors from different batches, in addition to intra-batch variations, is to be expected.
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Figure B.1: Sensor output, reference output and calibrated internal temperature sensor as a function of time. The jump

observed at approximately +40 seconds is caused by a slight, unintentional change in voltage when enabling the power to the
Peltier element.
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Figure B.2: Sensor output as function as reference output.

To heat the sensor, the floating gate dosimeter (FGD-03F Z1.1, serial number: 192301) mounted on
a daughterboard (see Figure 2.14b) is gradually heated using a single-stage Peltier element’, which
is attached to the back of the PCB. Below, only the results of the second sensor (Sensor ID: 65645)
on the IC are presented, as the results from the other sensor on the IC were nearly identical. Once
the desired temperature is reached (+ 15 °C above ambient temperature), the inverse process can
take place, monitoring the behavior of the sensor as it cools naturally to ambient temperature through
convection.

From Figure B.1, it can be observed that there is a correlation between the reference and sensor
outputs as a function of temperature fluctuations. Based on the datasheet [4], it can be assumed that
this behaviour is linear. Using this assumption, the sensor output as a function of the reference output
can be plotted, as shown in Figure B.2. In Figure B.2, it can be observed that this behavior is indeed
linear. If we then apply a linear fit through the data (e.g. in Python using Sklearn, LinearRegression
function), a slope is obtained. In this case, that corresponds to 2.136 + 0.002 with R? of 0.9988. Using
Equation 2.17, the behavior of temperature can be compensated for, as seen in Figure B.3. Note that
the error of 0.002 has a minuscule effect on the compensation and cannot be observed in the graph.
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Figure B.3: Raw sensor output and temperature corrected sensor output as a function of time. The jump observed at the
beginning was caused by voltage chance.

A Peltier element is an electronic component that transfers heat from the colder side to the warmer side using the Peltier
effect by consuming electrical energy.
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Non-linear behaviour

To allow for this compensation, the assumption was made that the sensor output and the reference
output follow a linear correlation. However, it can be observed that when the temperature is increased
extensively, the behavior becomes non-linear, as shown in Figure B.4. The correlation differs when
the device is heated using a Peltier element compared to when it is cooled afterward through natural
convection. This highlights the need to keep the device within its linear operating range. A brief remark
about this test: The device was heated in multiple stages up to 90°C and cooled in two stages. The
data was acquired following the same procedure as described earlier and in Appendix A, with the total
experiment lasting 760 seconds.

The tested device was an FGD-03F Z1.1 ?, mounted on a daughterboard. Prior to this test, the sensor
had been exposed to simultaneous proton irradiation and varying temperature profiles ranging from
ambient conditions to 93°C. This exposure resulted in a total radiation dose of approximately 61 Gy(Si)
[87]. Additionally, upon initial use, it was found that the sensor was operating outside the linear range,
as indicated in the datasheet [4].

Since different sensors exhibit slight variations in behavior, and the conditions of this test were not ideal,
repeating the experiment in the future could be beneficial. A particular focus on repeated temperature
cycling would provide a deeper understanding of the sensor’s behavior.
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Figure B.4: Sensor and reference output as a function of temperature. This data corresponds to the second sensor used by
Shanbhag [2], which was simultaneously exposed to high temperatures and pre-irradiation during testing. The red line
represents the sensor response during heating, while the red dashed line indicates a second-order polynomial interpolation
between the first 250 data points and the baseline. The blue line represents the sensor response during natural convection
cooling, and the black line shows a linear fit through the final cooling points and the baseline. Sensor details: FGD-03F Z1.1
(serial number: 192301, sensor ID: 65557).

Overal remarks

- A quicker approach to heating the sensor could be placing the PCB in a container and heating the
surrounding air, for example, using a heat gun.

- When repeating the process of conducting a linear fit through the data (starting with the baseline
and sequentially adding points from the cooling phase in reverse order) and plotting the R? value
as a function of the number of points, it can be observed when R? drops below 0.95. In this test,
that corresponded to a point where the temperature was 36 °C. At that point, the error increased so
significantly that temperature compensation using a linear assumption was no longer valid. In such
cases, a lookup table is required.

2serial number: 192301, sensor ID: 65557



HollandPTC campaign

Located next to RID, the Holland Proton Therapy Centre (HollandPTC) is an independent outpatient
facility specializing in proton therapy. However, as the underlying biological mechanisms are not yet
fully understood, and proton therapy could benefit from further technological advancements, the facility
also houses an R&D proton beamline [109]. Since previous students (De Meyere [1] and Shanbhag [2])
have used this facility for their experiments, the purpose of this appendix is to provide a brief introduction
to the HollandPTC and present an exploratory experiment conducted as part of this thesis.

C.1. The facility

Figure C.1: Photo of HollandPTC R&D beam line [110]

HollandPTC uses an isochronous cyclotron to accelerate the protons [109]. Cyclotrons use electromag-
netic fields, where magnetic fields are used to confine particles while oscillating electric fields (positive
and negative polarity) are used to accelerate them. In classical cyclotron, as particles gain energy they
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take longer to complete a circular orbit, making it difficult to allow for a continuous acceleration of par-
ticles as the oscillating electric field required must match the particle orbit frequency. The isochronous
cyclotron solves this by having a magnetic field that increases with the distance from the cyclotron cen-
trum. This allows the orbital frequency to remain contained, while their energy increases, enabling a
steady and high-intensity particle beam. After the desired energy is reached, the particles are moved
around using a vacuum beam pipe and magnetic field to four different rooms, one of them is the R&D
room, as displaced in Figure C.1. From the beam exit, a pencil beam originates. This is a highly fo-
cused, narrow beam of particles’ (often just a few millimeters wide)?.

The particles will then travel through a custom setup that allows for live monitoring of the beam and
the production of large uniform fields ranging from 2x2 cm up to 20x20 cm?®. After this, the protons will
hit the device under target (DUT). The user has control over the field shape (pencil beam or passive
scattering mode), the proton energy (between 70 MeV and 240 MeV, with energy steps of 0.5 MeV),
the duration, and the beam current. The latter is a measure of the flow of charged particles in a particle
beam, in units of number of particles per second [109, 110]. It can be expressed as follows:

Iy =e-n, (C1)

Where,

* I, is the beam current in Ampere
* e is the charge of a single proton (e = 1.602 - 10~ !° C)
» n is the number of particles per second passing through a point.

Using proton energy and beam current, the HollandPTC internal calibration provides other units to
users such as flux, fluence at the DUT, and dose rate.

C.2. Methodology

The objective of this experiment was to evaluate the performance of the FGDOS under proton irradiation.
Additionally, secondary objectives were considered, such as assessing the behavior of the Lunar Zebro
chassis and investigating lower dose rates. However, because of personal circumstances, and adding
shielding material to the beamline required permission from RID Radiation protection unit, the tests
were limited to replicating Run 1.2 and 1.4-1.6 from Shanbhag [2, Table 5.10].

For this experiment, the same setup was used as described in Appendix A, with the daughterboard
referred to as “hot” by Shanbhag [2]. The device in question was an FGD-03F Z1.1*. Prior to this,
the sensor had been exposed to simultaneous irradiation and temperature cycling [2, Chapter 5.3]. In
addition, a single high-temperature heating cycle was conducted to investigate extreme temperature
behavior, as seen in the last page of Appendix B. Furthermore, sensor 2 was subjected to discharge
and recharge mapping, pushing it far beyond the linear range.

In summary, the FGDOS IC used in this appendix had already undergone significant exposure to various
conditions. Below, Table C.1 presents a summary of the different runs, along with their respective
physical parameters. As shown in Table C.1, the reported values are given in Gy(air), which represents
the dose received at the Device Under Test (DUT). However, the device itself absorbs only a portion
of this energy. To account for this, a comparison is made using the stopping power of dry air and Si,
allowing for the establishment of a conversion factor, as presented in Table C.2.

The stopping power can be divided into two components: electronic stopping power and nuclear-
stopping power. The former refers to energy loss due to interactions with electrons in the material,
while the latter results from elastic collisions with nuclei in the target material.

"Gaussian shape in both x and y direction with o values ranging from 3.6 mm up to 5.4 mm for the maximum and minimum
energy, respectively

2|n other particle accelerators, other beam shapes can be encountered like: Gaussian beam, scattering beam, spot beam,
and so on.

3Using a dual-ring passive scattering system, with one ring used for low dose rate that produce uniform fields up to 20 cm
diameter, referred to as thick ring, and the other one for high dose rate that produce fields up to 8 cm diameter, referred to as
thin ring.

“4serial number: 192301, sensor ID: 65556 and 65557
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Table C.1: The HollandPTC proton campaign summary of 27-08. The beam energy was kept at 120 MeV, the field size was
10x10, and proton intensity was 8.77 - 105 protons/s/nA

1 9.6 0.53 Run cut short
2 275.8 15.24
700 6.14 - 107 0.65 3 25.6 1.41 Run cut short
4 233.6 12.91
8 357.8 19.78
6 5 109.8 0.61 Run cut short
70 6.14 - 10 0.065 6 654.0 361
7 6.14 - 10° 0.0065 7 825.8 0.46
- - - Base 3701
- - - End 415.0
Total: 54.56
Energy (MeV) Stopping Power in Si Stopping Power in Conversion Factor
(MeV cm?/g) Air (MeV cm?/g) (Air to Si)
70 7.611 8.440 0.902
120 5.118 5.636 0.908
200 3.627 3.975 0.912

Table C.2: Electronic stopping powers for Si and dry air. Using this, the conversion factors can be calculated. [111]

C.2.1. Facility uncertainty

Communication with the facility indicates that internal calibrations are performed using a Markus cham-
ber PTW. Specifically, this is a Type 34045 chamber, capable of measuring with 1% accuracy. [89, 112]
Since this is an exploratory experiment, the uncertainty in the dose rate is neglected for the remainder
of the analysis.

C.3. Results

In Figure C.2, the raw results of the HollandPTC test are shown. At first glance, the values appear to
be multivalued, but this is not the case. Due to noise in the system, the values intermittently drop to a
lower denominator at irregular time intervals.

Noise

The true origin of the noise observed in this test was never fully determined. Itis presumed to be partially
caused by degradation of the readout circuitry. Additionally, it was observed that several resistors and
capacitors were not properly soldered onto the PCB, which could have introduced further noise into the
system. This could also be caused by the previously mentioned temperature cycling.

Filtering

By combining the data into a single data frame and using the fact that FG discharges as a function of
radiation, the data can be filtered. As a first-order approach, a selective filtering method was applied
to the overall dataset to roughly remove outliers. This was followed by an iterative linear regression,
which excluded data points that deviated by more than three standard deviations from the fit. This
process resulted in two datasets: one containing the "true” sensor data and another containing the
outliers. This method could be further improved to minimize human bias in the results.

In the next subsections, the discussion will primarily focus on the results obtained using the “true”
dataset.
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Figure C.2: The raw sensor data collected during the experiment, with different dose rate regions highlighted throughout the
irradiation campaign. Outliers have been filtered out to improve data clarity.

Recharging
Firstly, as seen in Figure C.2a, the sensor automatically recharged three times after its value dropped

below 46,875 Hz. However, instead of recharging to 85,937.5 Hz, as specified in the register map, the

sensor recharged to 141.6 kHz, 147.22 kHz, and 146.56 kHz in approximately 1.054, 0.77, and 1.043
seconds, respectively.

As a result, the sensor operated outside its linear range for a bit, as defined in data sheet [4].

Sensor 1 vs Sensor 2

The only instances where the sensor values fall within the linear range occur when both sensors are

irradiated at 0.65 Gy(air)/min, allowing for a direct comparison between Sensor 1 and Sensor 2 within
the same time interval.

Sensor 1 exhibits a decrease in frequency at rates of -293.4 + 0.3 Hz/s, -290.6 + 0.3 Hz/s, and -299.04
+ 0.3 Hz/s, while Sensor 2 decreases at rates of -93.4 + 0.3 Hz/s, -124.9 + 0.3 Hz/s, and -169.6
1.0 Hz/s. This suggests that sensor sensitivity increases over time as it approaches the linear range.
Within the linear range, Sensor 1 has an average sensitivity of -29.65 + 1.3 kHz/Gy"°, while Sensor 2

5Using Equation 2.10
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shows an increasing sensitivity from -9.51 £ 0.03 kHz/Gy (at 379 kHz) to -17.2 + 0.1 kHz/Gy (at 293
kHz). This raises the question: how does the charge on the FG affect sensitivity? To investigate this, all
data points subjected to 0.65 Gy(air)/min were considered, with the data binned every 80 points, unless
the sensor recharged or a different run was initiated (i.e., runs were not combined). Based on this, the
sensitivity as a function of charge accumulation on the FG was plotted, as shown in Figure C.3b.

The uncertainty in the y-axis represents the fit accuracy but does not account for uncertainties in the
dose rate measurement and the air-to-Si conversion factor. The x-axis error bars indicate the bin width.
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(a) Sensor 1 response to 0.65 Gy(air)/min. Data points are categorized based on the number of
recharge events triggered during the experiment.
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(b) A combined sensitivity curve as a function of the number of charges on the FG.

Figure C.3: Sensitivity measurements at a proton energy of 120 MeV and beam current of 700 nA.

Dose rate comparison

Thirdly, a comparison between different dose rates is conducted. For this analysis, only the results
from Sensor 1 are considered. The assumption is that each value experiences the same sensitivity. In
reality, this is not entirely the case, as not all values fall within the linear range. However, the differences
in dose rate are significantly larger than the fluctuations in dose rate, making it reasonable to assume
that sensitivity remains constant.

For each dose rate, the average sensor response is calculated to smooth out uncertainties caused by
temperature variations or sensitivity degradation as a function of TID (see section 2.5 for further expla-
nation). The dose rate is converted from Gy(air)/min to Gy(Si)/s to ensure that sensitivity is determined
by the slope coefficient of the linear regression applied to the data.

The results are presented in Figure C.4. From this, it can be concluded that there is a correlation
between proton flux and the sensor response, as expected.
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Figure C.4: Floating Gate dosimeter response to different proton fluxes at 120 MeV.

post-irradiation characteristic

Finally, during the end-line measurement, a non-linear decay was observed (see Figure C.5). This
occurred immediately after exposure to a dose rate of 0.65 Gy(air)/min. Even after temperature cor-
rection, the trend remained unchanged. One possible explanation is that this decay is caused by the
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Figure C.5: Post-experiment temperature-corrected sensor response as a function of time. Both linear and exponential fits are
plotted to illustrate the data trends.

activation of the device, leading to a gradually decreasing dose rate after irradiation. However, another
possibility is that the effect is driven by an annealing process occurring immediately after irradiation.
An exponential decay was fitted to the data, resulting in a decay constant of 0.0036 s—1. However, this
value does not yet correspond to a direct physical quantity, as it is still biased by the sensor’s response.
Additionally, the specific component responsible for activation remains unknown, and the observed
decay is likely the result of a summation of multiple decaying isotopes.

C.4. Discussion and comparison to literature

During this experiment, the FGDOS was exposed to 120 MeV protons at three different dose rates,
allowing for an investigation of the sensor’s behavior under irradiation. A lower sensitivity than that
reported in the data sheet [4] was observed. This finding is consistent with the results of Shanbhag [2],
who measured a sensitivity between 33 and 37 kHz/Gy for the same sensor. Similarly, De Meyere [1]
reported a sensitivity of 35 kHz/Gy in his tests.

Additionally, Danzeca et al. [58] found a sensitivity of 28.87 kHz/Gy(Si) using 101 MeV protons at 5.30
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Gy(Si)'h and 29.7 kHz/Gy with Co-60 at 0.87 Gy(Si)/h. Alvarez et al. [67] reported a sensitivity between
23.0 and 27.1 kHz/Gy(Si) with Co-60 at 1.15 Gy(Si)/h.

Furthermore, De Meyere [1] mentioned discussions with researchers at CERN, where it was hypoth-
esized that low sensitivity could be attributed to low energy levels. Regardless, the results of this
experiment further confirm the observations reported in previous studies.



D.0.1. CERN MCU Code

Source Code Example

23
24
25
26
27
28
29

31
32
33
34
35
36
37
38
39
40

Initialize MCU :
Load Libraries ;
Configure GPIO pins ;
Initialize variables ;
Initialize flags ;

Initialize Clock module ;

Configure RS485 transceiver ;
Initialize payload internmal SPI comms ;
Initialize payload internal Serial comms ;

Configure onboard memory storage ;

Initialize FGDOS :
Initialize SPI registers ;
Set FGDOS sensitivity mode ;
Set FGDOS recharging mode ;
Set FGDOS measurement window ;
Set FGDOS recharging mode ;

Set FGDOS recharging source to internal charge pump ;

Disconnect recharging system ;

Set recharge target and threshold ;
Set recharge voltage ;

Enable recharging system ;

Wait ;

Read all FGDOS registers ;

Loop:
Set WCK signal
Wait
For each sensor (1 to 4):
Read sensor data
Store sensor data
Wait
Reset WCK signal
Enable RS485 communication
Transmit stored sensor data
Disable RS485 communication
Check for received command
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41
42
43
44
45
46
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Interpret command

If loop count == 50: (example number)
Calculate CRC-8
Save sensor 1-4 data to internal memory
Reset loop counter
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Activity CHARM setup

On the 22th of January 2025 on 15:22:05, the setup used in CERN underwent a spectra, to understand
how radioactive this was and see if it was ready for transportation. This analyse was done 85 days, 13
hours, 12 minutes and 34 seconds after the charm beam was stopped. Meaning to say, all short lived
isotopes have long decayed.

Table E.1: An overview of active isotopes in the CERN device.

Activity Heat Ambient dose Eing Einn B Radio-active
Nuclide  Half-life Rate Hig AR Content
(bq) (W) (nSv/h) (mSv)  (mSv)
Ag-105 41.3d 6.28e+0 5.54e-13 6.41e-5 2.95e-6 5.09e-6 1.05e-6 (B/y)
Ag-110m 249.78d 8.21e+1 3.73e-11 3.36e-3 2.30e-4 9.85e-4 1.17e-4 (B/y)
Be-7 53.22d 2.87e+3 2.29e-11 2.30e-3 8.04e-5 1.58e-4 2.87e-5 (Bly)
Co-56 77.31d 1.18e+2 7.02e-11 5.72e-3 2.95e-4 7.91e-4 1.18e-4 (Bly)
Co-57 271.80d 1.55e+2 3.56e-12 3.26e-4 3.26e-5 1.55e-4 1.94e-5 (Bly)
Co-58 70.86d 5.89e+2 9.54e-11 8.66e-3 4.36e-4 1.24e-3 1.96e-4 (Bly)
Co-60 5271y 5.19e+1 2.16e-11 1.90e-3 1.76e-4 1.61e-3 1.73e-4 (Bly)
Cr-51 27.703d 7.36e+2 4.29%e-12 3.68e-4 2.80e-5 2.72e-5 7.36e-6 (B/y)
Fe-59 44495d 1.09e+2 2.28e-11 1.91e-3 1.96e-4 4.36e-4 5.45e-5 (B/y)
Ir-192 73.822d 7.26e+0 1.20e-12 9.51e-5 1.02e-5 4.79e-5 7.26e-6 (Bly)
Mn-52 5595d 3.66e+0 2.07e-12 1.87e-4 6.59e-6 5.12e-6 1.22e-6 (Bly)
Mn-54 312.13d 4.91e+2 6.61e-11 6.19e-3 3.49e-4 7.37e-4 1.23e-4 (B/y)
Na-22 26027y 2.42e+2 9.25e-11 7.99e-3 7.74e-4 3.15e-4 8.07e-5 (Bly)
Ni-56 6.075d 4.31e+t0 9.83e-13 1.12e-4 3.71e-6 4.31e-6 8.62e-7 Bly
Sb-124 60.20d 2.34e+2 8.37e-11 6.11e-3 5.85e-4 2.01e-3 2.34e-4 (Bly)
Sc-46 83.79d 2.01e+2 6.83e-11 6.01e-3 3.02e-4 1.37e-3 2.01e4 (B/y)
Se-75 119.6d 1.52e+1 9.86e-13 9.73e-5 3.95e-5 1.98e-5 5.07e-6 (Bly)
Sn-113  115.09d 6.12e+1 2.90e-13 1.16e-4 4.47e-5 1.65e-4 2.04e-5 (Bly)
V-48 15.974d 3.50e+1 1.72e-11 1.51e-3 7.00e-5 8.40e-5 1.75e-5 (Bly)
Zn-65 24415d 2.86e+3 2.70e-10 2.46e-2 1.12e-2 6.29e-3 1.43e-3 (B/y)
Zr-88 83.0d 4.03e+1 2.62e-12 3.06e-4 1.81e-5 1.45e-4 4.03e-5 (Bly)
Total: 21 8.91e+3 8.84e-10 7.79e-2 1.48e-2 1.66e-2 2.88e-3
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Extra images
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the recharging effect.



96

Figure F.3: The CHARM setup in the overhead conveyor. 1) The experimental setup used in this thesis. 2) Other uses setup.
Each quadrant had a user. 3) The facility provided wires that allow the setups to connect to the patch panel in the control room.
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Figure F.6: A SEEs was observed in sensor 1.3 during the first week of the CHARM experiment. The first graph is the sensor
output, capturing both the SEEs and the subsequent full discharge. The second graph presents the facility’s dose rate,
smoothed using a 15-point rolling average, with the 1-sigma uncertainty range highlighted. The third graph displays the
recharge counter, a value provided by the sensor. Interestingly, this value increased even though the sensor had not yet

completed recharging. Finally, the fourth graph plots the time difference between consecutive data packages.



100

LG}
S LESE

Z J833Nq WYVHO

Figure F.7: EAST area hall schematic [91],located next to the PS. Modified to highlight CHARM Controlled Area, and reduce
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Timepix for the Lunar Zebro Rover

At the beginning of this thesis, a key question arose: "Can we replace the current detector with an
alternative instrument that enhances the scientific yield?” While the primary goal of the first Lunar Ze-
bro mission is not necessarily to conduct scientific measurements, exploring this possibility for future
missions remains an interesting avenue worth documenting.

This appendix serves as an internal memo, outlining the investigation and aiming to document findings
while inspiring potential future research.

In 1990, a collaboration between four institutes—the Medipix1 Collaboration—demonstrated the feasi-
bility of using hybrid pixel detectors for photon counting and high-resolution imaging. Over time, further
collaborations led to the development of three new generations of Medipix chips, each introducing
improvements and new features (released in 1999, 2005, and 2016).[113, 114]

From the second collaboration, two distinct branches emerged:
» The Medipix line, focused on enhancing spatial resolution.
» The Timepix line, which introduced additional functionalities for time or amplitude measurements.

The following sections provide an overview of each of these detector families before proceeding with
the analysis.

Medipix

Table G.1 illustrates an overview of the different Medipix chip generations.

The Medipix series integrates data from multiple hits on a pixel and provides images in the form
of frames. These chipsets are primarily designed for medical imaging and other photon or particle-

counting applications. The approach is frame-based, meaning data is collected over a defined period
before being read out, rather than processing each event individually.[115]

Feature Medipix Medipix2 Medipix3 Medipix4

Tech. node (nm) 1000 250 130 130

Year 1997 2005 2013 2021

Pixel size (pm) 170 55 55 70/140

# pixels (x x y) 64 x 64 256 x 256 256 x 256 / 128 x 128 320 x 320/ 1690 x 160
Charge summing mode No No Yes Yes

Readout architecture Sequential R/W | Sequential R/W | Sequential or continuous R/W | Sequential or continuous R/W
# sides for tiling 0 3 3 3

Table G.1: Comparison of Medipix generations[114].

Timepix
Whereas the Medipix series focuses on spatial resolution, the Timepix series is designed to capture and
transmit as much information as possible about individual interactions for further off-chip processing.
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Feature Timepix Timepix2 Timepix3 Timepix4
Tech. node (nm) 250 130 130 65
Year 2005 2018 2014 2019
Pixel size (um) 55 55 55 55
# pixels (x x y) 256 x 256 256 x 256 256 x 256 448 x 512
Time bin (resolution) 10ns 10ns 1.6ns 200ps
Readout architecture Frame based Frame based Data-driven Data-driven
(sequential R/W) (sequential R/W or Frame based or Frame based
or continuous R/W) | (sequential R/W) | (sequential or continuous R/W)
# sides for tiling 3 3 3 4

Table G.2: Comparison of Timepix generations [114]

Unlike Medipix, Timepix operates in an event-based manner, meaning it records information for each
detected interaction rather than accumulating data over a fixed time frame. Timepix can operate in
three different modes: A) Counting Mode — Counts the number of detected particles per pixel. B) Time
of Arrival (ToA) Mode — Records the precise timing of each interaction. C) Time-over-Threshold (ToT)
Mode — Measures the duration a signal remains above a predefined threshold. An overview of the
different generations is shown in Table G.2.

Companies with Timepix or Medipix licensees

Company

Activity

Country

Licensed Technologies

Advacam s.r.o.

Radiation imaging detectors
for the scientific and
industrial market

Czech Republic

Medipix2/Timepix,
Medipix3, Timepix3

Amsterdam Scientific Instruments (ASI)

Hybrid pixelated detectors
for scientific and industrial
users

Netherlands

Medipix2/Timepix,
Medipix3, Timepix3

Kromek

Radiation detection solutions
for applications in the medical,
nuclear, and security screening markets

United Kingdom

Medipix2/Timepix

Malvern Panalytical

Materials analysis
and non-destructive
testing

Netherlands

Medipix2/Timepix,
Medipix3

MARS Bio Imaging

X-ray detectors for spectral
molecular imaging

New Zealand

Medipix3

Quantum Detectors

Detectors for synchrotron radiation,
LASER, and other large-scale
facility applications

United Kingdom

Medipix3

X-ray Imaging Europe (XIE)

Semiconductor detectors
and electronics for
X- and Gamma-rays

Germany

Medipix2/Timepix

X-spectrum

X-ray cameras for high-end
research projects at
advanced X-ray sources

Germany

Medipix3

PITEC

X-ray cameras for high-end
research projects at
advanced X-ray sources

Brazil

Timepix2, Medipix3

Table G.3: Companies that have licensees of Medipix and/or Timepix Technologies[113]

G.0.1. For Space Applications
From meetings with Advacam, it became clear that for the Lunar Zebro application, the Timepix2 is
the most suitable option. It was also reported to be particularly designed for space applications, where
measurements in mixed radiation fields are expected [114]. The Timepix2 consists of a 256 x 256-pixel
matrix with a 55 um pitch’. The chip is highly programmable, with 28 bits per pixel, which can be
configured as counters of varying depths in different modes for different purposes. It is also possible to
power down individual pixels, either to read out only a specific region of interest or when using larger
pitch pixel sensors. Data from the pixel matrix is typically output in full frames via either a 100 Mbps
serial port or a 3.2 Gbps parallel bus.[116]

"The distance from the center of a pixel to the adjacent pixel.
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G.0.2. Selection of Timepix products

After a quick comparison, the MiniPIX Sprinter, developed by Advacam, was chosen as the start-
ing point for this investigation. This is a compact, high-speed radiation detection camera based on
Timepix2. It achieves 99 frames per second with a signal-to-noise ratio (SNR) of 2000.[117]

The device has dimensions of 80 x 21 x 14 mm, weighs over 37 grams, and is controlled via a USB
2.0 interface. It offers three count bit-depth profiles: 10, 14, and 18 bits. The detector is available in
silicon (Si) with different thickness options (100, 300, and 500 um), which influence detection efficiency
at higher energies.[117]

The device operates at 5V, consuming 550 mA, resulting in an average power consumption of 2.75
W.[117]

Implications for the Current Rover Design

* RADPAY-SH-1.5 — The power consumption must be below 1 W. This requirement is not met.

* RADPAY-SH-1.6 — The required dimensions must remain below 50 x 50 x 50 mm. This would
need to be extended, especially considering that this does not include supporting instruments
such as memory and the microcontroller.

* RADPAY-SH-1.7 — The payload shall have a mass lower than 100 g. This requirement is met, but
with the addition of supporting hardware, the total mass will likely exceed this limit.

Assuming all pixels are used, with 99 frames per second and an 18-bit depth, this results in a data
rate of 10.83 MB per second. However, the data sheet also mentions the possibility of operating at 64
frames per second with a 14-bit depth, which would reduce the data rate accordingly.

Compared to the FGDOS, Timepix would allow for particle type and energy discrimination, significantly
increasing the scientific yield. This could be further enhanced by the addition of neutron conversion,
as demonstrated by Sagatova et al. [118].

In the current rover design, Timepix would not be a viable fit for the first mission. However, for future
missions—potentially involving a swarm-based approach—it could be interesting to introduce different
rover roles, a bit similar to an ant colony. Meaning, there could be a "queen” rover, equipped with a
more powerful payload containing the Timepix, operating alongside “explorer ant” rovers, fitted with
current payload FGDOS.

This, however, requires further research, with several key questions still needing to be addressed.

* How well does the Timepix withstand radiation exposure? What is its maximum TID?
* What is the minimum number of frames required to obtain useful data?

— Does this change depending on different mission operations?
» How many pixels are needed to extract meaningful scientific insights?
* What thermal constraints does the Timepix impose on the rover design?
* What limitations does data communication introduce to the rover design?

* What power constraints does the Timepix, including its supporting electronics, impose on the
rover?

— How much memory is required?

— How powerful does the GPU need to be?

— How much data processing must be conducted on the rover before transmission?
» How can the Timepix be integrated into the rover system?
* Does it require temperature compensation? [119]



Neutron and detection of neutrons

In this appendix, the literature on neutrons is explored. This overview remains at a surface level, as the
field of neutron research is vast and complex. For a more in-depth understanding, readers are referred
to the following sources:

» An Introduction to the Passage of Energetic Particles through Matter by N. J. Carron
» Radiation detection and measurement by Glenn Knoll

As mentioned in section 2.1, neutrons interact with matter through four distinct processes. In the litera-
ture, it is common to classify neutron energies using specific designations. However, these classifica-
tions are not strictly defined, as they vary between sources and are primarily suggestive of the typical
interactions and consequences of neutron reactions. The classification is presented in Table H.1

Energy Range Name
0-0.025 eV Cold

0.025 eV Thermal
0.025-0.4 eV Epithermal
0.4-0.6 eV Cadmium
0.6-1.0eV Epicadmium
1-10 eV Slow
10-300 eV Resonance
300 eV-1 MeV Intermediate
1-20 MeV Fast

>20 MeV Relativistic

Table H.1: Neutron energy classification [120]

The shielding mechanism of neutron radiation is quite complex due to its charge-less nature, making it
different from other types of radiation. Neutrons interact with matter through three main phenomena: in-
elastic scattering, elastic scattering, and neutron absorption. The interaction cross-section of neutrons
with an isotope’s nucleus depends on the energy of the incoming neutrons. Neutrons above 10 MeV,
are subject to inelastic scattering, while neutron between 1 and 10 MeV lose their energy by means
of elastic scattering. In contrast, slower (thermal) moving neutrons interact mostly with the nucleus
using absorption.[121] On a macro scale the interaction with neutron can be explained using the cross
sections o.s; . Assume a beam of neutron, with a spot area of A is heading towards a slab of matter.
The slab has a density of p with a thickness Az[122]. Each nucleus in the matter represents a possible
target area:

0cs = TR3, (H.1)
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Figure H.1: Basic experimental arrangement to determine the cross-section of a nuclear reaction. a) Side view. b) View along
beam direction. recreation based on an image by Burcham [122]

with Ry the nuclear radius. The total target area then
A=Axpogs. (H.2)

The rate of removing neutrons from the beam is proportional to the number of neutrons (N) crossing
through A and the total target area, expressed as follows:

dN/dt = pAxpos, (H.3)
with ¢ the neutron flux (2€%Lozs) This can also be expressed as:

¥ = Pn " Un, (H.4)
with p,, the neutron density per cm? in the beam and v,, the relative velocity of neutrons in the beam.

The cross-section for different materials and different energy can be experimentally measured, with o
being defined in "barns” (b). A barn is equal to 10~2* ¢m?[19]. The total cross-section of boron-10 and
Cadmium are shown in Figure H.2
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Figure H.2: Total neutron cross-section for cadmium and boron-10. The CENDL-3.2 dataset was used for cadmium, while the
JEFF-3.3 dataset was used for boron-10[123].



Mathematics of TID in Mixed-fields

This appendix describes the mathematical framework of Total lonizing Dose (TID) in mixed-field radia-
tion environments.

For this description, the text from Ferraro [86] is used as a baseline. The energy deposited in matter
by a single charged particle is commonly expressed using the linear energy transfer (LET):

rer =42, (1)
dx

describes the rate of energy loss per unit distance travelled.

In CHARM, a mixture of different charged particles are encountered (see Figure 4.2) .With most of the
energy coming from heavy charged particles, electrons, and photons. For Heavy charged particles,
the LET in silicon with a thickness used in microelectronics is constant, with the average value being
calculated by the Berthe-block formula:

dE o o pZ 2? 2me Y22 Winax 9 20
— = 2nNyrimec A—w@ In — 7 )~ 2% —0 — -

With:
27 Nor?mec? = 0.1535 MeV - cm? - g™+

r. : electron radius (2.817 x 107! cm)
m, : electron mass (511 keV)
N, : Avogadro’s number
Z : atomic number of absorbing material
A, : atomic weight of absorbing material
z : charge of incident particle
B : v/c of incident particle
p : density of absorbing material
v :1/4/1— B2 : Lorentz factor
¢ : density correction
C' : shell correction
1 : mean excitation potential
Whax : Maximum transferable energy

Where:
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2m602 (/87)2

Wmax = om 5 e 2
L+ 25 V1T+ (B2 + (5¢)

For elections and positrons, the equation changes slightly, as the possibility of a large deflection during
collision needs to be taken into account.

For photons, the energy deposited by photons cannot be described by LET, as it can be absorbed in a
single interaction or be scattered. For this reason, a common way is to use the mass-energy transfer
coefficients, which are the fraction of energy transferred to the medium as a function of the photon
energies:

penlB) _ME) (1 _ pmy) (1.2)
p p
Where ”T(E) represents the mass-energy transfer coefficient measured in cm? - g—!. The term @
is the mass interaction coefficient, which is also given in the same units. The function R(E) indicates
the fraction of photon energy that gets transferred during the interaction, taking into account the three
main types of photon interactions.

1.0.1. Calculation of TID
The calculation of TID can be defined into two categories: charged particles and photons.

Charge particles

LET(E)

TID = K¢, - - ®(E) (1.3)

Where the TID is in Gy, ®(E) is the particle fluence in cm? and K, is the unit conversion parameter
equalto 1.6 x 107" Gy - g - MeV ™.

TID = Kg, > / LET(p, E) ®(p, E)dE (1.4)
p=et,rt pt KE pt P
Photons
The TID deposited by a specific photon fluence for specific energy is calculated by:
TID = Koy - ") g o(p) (1.5)
p

In a mixed field, where TID are introduced by the whole photon spectrum, the contribution of all photons
is summed:

TID = /Kgy : "e"p(E) "E-®(E)dE (1.6)



Analysis of the FGDOS sensitivity in a
Mixed-field environment: Week two.

Observations in Figure 2.21 indicate that FGDOS degrades as a function of the total dose received.
To further analyse the sensitivity as a function of TID, it would be valuable to replicate this result for
the experiment conducted in this thesis. In section 4.6, it was demonstrated that this was feasible for
the initial data points of the experiment. However, challenges arose in replicating this analysis for the
second week.

Before discussing the results, the data filtering process will be explained, followed by the presentation
of the results and discussion, and finally, the results will be summarized and concluded.

Data Filtering

As observed in Figure F.4, the degradation in charging speed, along with other operational events,
caused the sensor to operate over a wide dynamic range. In addition, fluctuations in the number of
protons delivered to the facility were more irregular during the second week compared to the first week,
as seen in Figure 4.11. For this reason, a systematic filtering approach is required.

Firstly, only sensor data within the frequency range of 50-90 kHz is considered. As shown in Fig-
ure 4.17, the sensitivity varies significantly depending on the operating regime. By keeping the data
within this range, the sensitivity can be assumed to be constant, which is also the manufacturer’s rec-
ommendation [4].

Secondly, the remaining data segments must contain a sufficient number of reported facility points to
ensure that the dose rate statistics can be compared. To achieve this, at least five facility points are
considered, which corresponds to 118 sensor data points.

Thirdly, in some cases, a data segment may contain two or more significantly different dose rates, which
would introduce inconsistencies in the analysis. In such cases, the segment needs to be excluded. As
a first-order approach, a linear fit is applied to the data, and if the R? value is greater than 0.985, it is
assumed that the dose rate remains constant within the segment.

This filtering process is repeated for all eight sensors. Once applied, the dose rate for each selected
segment is determined, allowing the sensor response to be correlated with the dose rate. Due to the
facility’s low sampling rate, the endpoint of a sensor segment does not always align precisely with the
reported dose rate. Since the facility provides readings every 45.05 seconds, this can result in a maxi-
mum time difference of 22.52 seconds between measurement points, which is not ideal. Nevertheless,
the sensitivity can still be determined using Equation 2.10.

Results

Below (Figure J.1), the results are presented. In the first graph, the sensor response is shown, while
in the second graph, the corresponding dose rate is displayed. In the background, the raw dose rate
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Figure J.1: Sensitivity as a function of Total lonizing Dose (TID) during the second week at CHARM. The first graph presents
the sensor response to the dose rate, which is plotted separately in the second graph. Finally, the third graph illustrates the
calculated sensitivity as a function of TID. For clarity, uncertainties are not displayed.

is also shown to highlight possible misalignments between the determined dose rate and the raw dose
rate. Finally, the sensitivity is presented. For clarity, the uncertainty is excluded in all plots.

Observing the sensitivity, it becomes evident that the current representation is not entirely realistic.
For example, at 85 Gy, a sensitivity of 250 kHz/Gy is observed. If this were accurate, it would be an
exceptional result; however, it is more likely that a mismatch between the dose rate and the sensor
response has occurred. This discrepancy is probably caused by an underestimation of the actual dose
rate, leading to an artificially high sensitivity value.

Another notable observation in the sensitivity data is the presence of a discontinuity jump. This be-
haviour is unexpected, and the underlying cause remains unclear.

Additionally, setup 2 exhibits significantly less fluctuation in sensitivity compared to setup 1. As de-
scribed in chapter 4, setup 1 exhibited unexpected noise and high power consumption, which could not
be fully addressed before the experiment. These effects may be attributed to these instabilities.

Finally, it is observed that from 60 Gy onward, the sensors in setup 2 exhibit an almost linear decrease
in sensitivity, with minor fluctuations toward the end. A stable dose rate is observed from approximately
80 Gy to 110 Gy. A zoomed-in version of the sensitivity is shown in Figure J.2. Observing this result, an
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Figure J.2: Zoomed-in version of the sensitivity as a function of the TID. Sensors 2.1 and 2.2 were exposed to 1.5 mm Al and
PCB shielding, while sensors 2.3 and 2.4 were exposed to the pure mixed field.

abnormal trend is apparent, as the sensitivity of the control and the shielded sensors has been reversed
compared to what was found in previous measurements (see Figure 4.18).

Conclusion

The sensitivity calculations for this week may have been affected by three main factors. Firstly, thereis a
misalignment between the dose rate measurements and the sensor response, leading to inaccuracies.
Secondly, influences such as fluctuations in voltage, temperature, and Single Event Effects (SEEs)
may have altered the sensor response. Finally, the dose rate data from the CHARM facility fluctuates
too much, and with only five data points per calculation, the results are not stable enough to draw
meaningful conclusions. All three factors could be contributing to the observed inconsistencies at each
measurement point.

To address these issues, further work is required to check for potential errors in the data processing
code and to introduce additional constraints and mathematical methods to refine the calculations. This
would help define the necessary post-processing steps and establish guidelines for creating more reli-
able and user-friendly tools for data analysis during lunar missions.

It is also possible that the fluctuations in both the experimental setup and the facility conditions are
greater than currently assumed, making it difficult to extract any meaningful insights from the data or
ensure reproducibility. In such a case, the only viable solution would be to repeat the experiment under
more stable conditions, minimising variation to improve the reliability of the results.
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