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Summary

The space radiation environment poses considerable challenges to crewed and uncrewed space missions.
This is due to the presence of high energy ionizing radiation in space [39]. Space radiation has the ability
to cause damage and degradation in space systems and it also poses numerous health risks and hazards to
astronauts. Lunar missions can be vulnerable to radiation exposure and damage from both cosmic rays and
solar energetic particles [105]. It is of paramount importance to study, understand and monitor the space
environment such that exploration, science and commerce can be carried out in a safe, sustainable and
economically feasible manner.

In-situ radiation measurements at the Moon have only been acquired on a handful of previous occasions.
To date, only a small complement of instruments has directly measured the radiation environment near the
Moon [32, 87, 27], and only once in history have the lunar surface radiation levels been measured [159].
Hence, a lacuna exists in direct, in-situ measurements of the radiation environment on the Moon. Antic-
ipating the current roster of lunar spaceflight activities [128], development of a complete and consistent
understanding of the lunar radiation environment and its effects is essential. Implementation of these
efforts can be carried out using a two pronged approach: (a) performing actual radiation measurements
using spaceborne instruments and (b) developing theoretical and empirical models of the space radiation
environment. The latter can be augmented and improved by taking the data from instruments into con-
sideration, while specification and engineering of instruments involves consideration of predictions and
estimates based on theoretical models. Advances in semiconductor technology and fabrication processes
have led to the development of a variety of solid state detectors for the purpose of monitoring ionizing radi-
ation in space. The floating gate MOSFET based dosimeter - FGDOS [27] developed by Sealicon and CERN
is a prime example and offers a low cost, low power and compact solution for measuring radiation on plat-
forms with very tight constraints on resources, such as nano-satellites and miniaturized robots. This thesis
aims to advance the work done by de Meyere [90] on characterisation of the FGDOS for space applications.
This work also presents (i) Radiation Payload design & development, (ii) Modelling and analysis of the radi-
ation 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.

As a part of this thesis, a miniaturized instrument was designed to enable in-situ measurements of the lunar
radiation environment. The instrument is designated to function as the science payload for the first mission
of the Lunar Zebro Nano-Rover. Characterization and testing of the FGDOS was advanced with an empha-
sis on utilization as the core detector for the payload during the Lunar Zebro mission. A prototype of the
Radiation Payload was designed, produced and tested to verify and validate its design. Radiation environ-
ment simulations were performed using SPENVIS and OLTARIS to estimate the conditions during various
phases of the lunar mission. A radiation transport model of the payload was prepared and simulated, as a
foundation for more extensive simulations in the future.

The work described in this thesis calls for further research and development of the FGDOS technology,
including experimental mapping of the complete envelope of FGDOS sensitivity w.r.t expected mission en-
vironments. The Radiation Payload prototype is to be subjected to a system level environmental test cam-
paign with the rover to further validate the design. The use of additional noise reduction measures and
thermal characterization at lunar mission conditions is also recommended, as a stepping stone to iterating
and improving the payload design such that it can be made flight-worthy.

Keywords: Lunar Radiation Environment, Floating Gate Dosimeter (FGDOS), Radiation Monitoring, Minia-
turized Space Instrumentation, Lunar Zebro Radiation Payload
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1 introduction

The Moon has been at the forefront of exploration since the dawn of the era of ight, and it continues to be
the destination of choice for many space programs and missions looming on the horizon. Programs such
as NASAs Artemis aim to return humanity to the moon in the 21st century [128]. Synergistic commercial
and academic efforts are underway worldwide, to perform robotic and crewed missions to the Moon, for
science and exploration in a scalable and sustainable manner [46]. This has been made possible by the
rapid growth of capabilities in the commercial space ight sector in the past few years [102, 12], supported
by large private and public investments in research and development activities [134]. The return to the
Moon is seen as a precursor to groundbreaking space exploration, research and commerce [72]. Plans to
establish research outposts and settlements on the Moon and Mars have been set in motion. Itis envisioned
that these activities will bring forth our civilization's expansion beyond Earth and further out into the solar
system, making humanity a multi-planet species and an advanced spacefaring civilization [92].

After a long hiatus of ve decades following the conclusion of the Apollo program [28], there has been a
powerful resurgence in human space ight activities targeted toward the Moon, bolstered by a vibrant and
active commercial space ecosystem. Under the Commercial Lunar Payload Services (CLPS) program [25],
commercial entities are developing orbiters, landers and lunar roving vehicles to deliver payloads to the
lunar orbit and surface for scienti ¢ research, technology development, education, outreach and artistic
purposes [112, 29]. Among these entities lies a student team at TU Delft, namely Lunar Zebro. The aim of
Lunar Zebro is to demonstrate the feasibility of its innovative nano-rover concept on the Moon, as a stepping
stone to loftier goals of operating swarms of nano-rovers on extra-terrestrial bodies in the future [81]. The
Lunar Zebro is a shoe-box sized hexapod robot with C-shaped legs, being built by TU Delft students with
the aim of being the world's smallest and lightest student built rover to explore the Lunar South Pole.

Numerous technological, scienti ¢, social, economic and political challenges need to be overcome in order
to achieve these ambitious goals. A majority of the technological hurdles that exist are created by the harsh
and unforgiving nature of the space environment. This includes conditions such as the vacuum of space,
extreme thermal environments, varying gravity elds, the  tyranny of the rocket equation !, and the exis-
tence of extreme, high energy radiation in space [104]. These factors have led to various anomalies, errors
and failures in space systems to date [60]. To realize the overarching goals of rapid exploration, scienti c
research and industrial/commercial activities in space, it is of the utmost importance to understand and
prepare for the harsh conditions in space such that exploration, science and commerce can be carried out
in a safe, sustainable and economically feasible manner. Space radiation has the ability to cause damage
and degeneration in space systems and poses numerous health risks and hazards to astronauts [39]. Lunar
missions are exposed to a plethora of the aforementioned hazards, ionizing radiation environments being
one of the toughest to predict and mitigate.

Accurate characterization and understanding of the space radiation environment is needed since radiation
can severely hamper space missions and have undesirable and often unpredictable impacts on space sys-
tems [105]. Effective and pragmatic risk mitigation and management strategies are also required to make the
next giant leap in space ight a reality in the foreseeable future. The rst step toward solving these problems
calls for extensive in-situ measurement, observation and investigation of radiation environments for vari-
ous conditions and mission scenarios. Such efforts are carried out by spaceborne radiation measurement
instruments. The data collected by these instruments leads to improvements in analytical and theoretical
models of the space environment and its effects on space systems. It naturally follows that for lunar mis-
sions and exploration, more in-situ measurement data of the lunar radiation environment is needed. While
the convention so far has been to use sophisticated, complex and expensive instruments for this purpose,
such measurements can also be performed in the near future by developing a miniaturized instrument that

lthe tyranny of the rocket equation refers to the unfavorable exponential relation which dictates the amount of mass that can be
launched to space w.r.t a given mass of propellant



can be own on the innovative nano-rover platform that is the Lunar Zebro [124]. A ight opportunity is
available on-board this rover to carry out scienti ¢ research and observations in space and on the Moon
[52]. The research work carried out in this thesis is intended to be manifested as the science payload, in
context of the science mission, for Lunar Zebro's rst voyage to the Moon.

Recent advances in semiconductor technology and the increased usage of COTS components have led to
the development of a variety of solid state detectors for the purpose of monitoring ionizing radiation in
space. The oating gate MOSFET based dosimeter (FGDOS) [51] is a prime example and offers a low cost,
low power and compact solution for measuring radiation in systems with very tight constraints on resources
such as nano-satellites and miniaturized robots [7]. Moreover, this sensor has already been demonstrated
to operate in space, on-board a lunar yby mission [27].

Based on previous FGDOS research and the ight opportunity available with Lunar Zebro, a literature study
was conducted to further explore the possibilities of monitoring the lunar radiation environment using a
low cost, miniaturized payload [122]. From this literature study, it was concluded that the design and de-
velopment of a miniaturized payload (utilizing the FGDOS), for the science mission of Lunar Zebro would
be an interesting avenue for research [122]. This serves as the main focus of this MSc thesis, in conjunction
with investigation and characterisation of the FGDOS detector, as well as simulation of the mission radia-
tion environment.

Having introduced the general domain of this thesis and the topic of research, a review of relevant litera-
ture is presented in chapter 2. The last few sections of this chapter serve to set up the background of the
current research and development efforts. Chapter 3 details the front end systems engineering and detailed
design of the Radiation Payload of Lunar Zebro, followed by a description of the manufacturing, assembly
and integration activities that were carried out. Chapter 4 presents space radiation environment modelling
and analysis that was performed in order to predict the expected radiation environment that the Radiation
Payload will experience during ight on-board the Lunar Zebro rover. The results from this lead into ra-
diation transport simulations which were performed to investigate and predict the interaction of various
species of ionizing radiation with the FGDOS sensor, including the effects of shielding, secondary particles
and the in uence of lunar landscape features. Chapter 5 describes the veri cation and validation activi-
ties performed during this research project, including FGDOS characterization, payload functional testing
and performance testing. Chapter 6 presents the main conclusions of the thesis, along with answers to
the research questions which were posed in the beginning. Lastly, chapter 7 outlines recommendations
for further research, experimentation and engineering work. Supplementary information such as design
data, charts, schematics, tables, test results and links to software scripts can be found in Appendix A to
Appendix F.



2 Background

This chapter is divided into 4 sections. The space radiation environment is introduced in section 2.1, where
subsection 2.1.3 focuses on various models and tools used to study and predict space radiation and to sim-
ulate its effects on space systems and biological organisms. Instruments which have been used for in-situ
observations of ionizing radiation for lunar missions, including their observations and results have been
explored in section 2.2. A brief summary of Lunar Zebro, including its mission and rover system, is given
in section 2.3. This section includes an introduction to the the Radiation Payload concept. Finally, sec-
tion 2.4 describes the research questions and objectives which were formulated in order to structure this
thesis [122].

2.1. Space Radiation Environment

Radiation is commonly de ned as energy that travels through space. Radiation can be divided into ionizing
and non-ionizing, based on the amount of energy possessed by it. lonizing radiation possesses enough
energy to cause ionization of electrons from atoms and molecules. Radiation can also be classi ed into
charged patrticles such as protons and electrons, and neutral particles such as neutrons. Different radiation
particles undergo interactions with matter in various ways, as shown in Figure 2.1.

Figure 2.1: Interaction of ionizing radiation with matter [59]

2.1.1. Space Radiation

Radiation in space arises from within the solar system i.e. from the sun, or from extra-solar celestial bodies
and astrophysical phenomena in the galaxy. In its characteristics and effects, the space radiation environ-
ment is substantially different from what is experienced on Earth [39]. The spectrum of radiation in space
consists of a mixed eld of electrons, protons, gamma rays, high mass and charge ions with energies rang-
ing from a few MeV/nucleon to as high as TeV/nucleon levels. The ux and intensity of radiation also varies
based on the environment of observation and the source of radiation ~ *. A brief primer on radiation related
quantities is provided in Appendix F. Based on the source of origin, space radiation can be divided in three
categories as described in the rest of this section:

Solar Wind & SPEs
In addition to electromagnetic radiation (EM), the sun is also a source of particle radiation, mainly protons
and electrons. This is called the solar wind, a continuous stream of ionized plasma originating from the

Iwnhen alluding to "space radiation”, it is usually the high energy constituents of electromagnetic radiation and particle radiation
which are being referenced. Beyond an energy of generally 10 eV, radiation becomes ionizing as it possesses the ability to ionize
atomic and molecular species. While the thermal, optical and other lower energy components are also radiation types in theory,
these species are less relevant in space radiation discussions due to their comparatively lower tendency to cause adverse effects
on space systems
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sun. It interacts with the magnetic elds of planetary bodies and with radiation from other sources. The
solar wind consists of particles of comparatively lower energies and hence can be easily combated by use

of low thickness shielding [39]. Besides solar wind, the sun also acts as the source for highly energetic radi-
ation species (mostly protons and heavy ions) called Solar Energetic Particles (SEPs). SEPs are accelerated
outward into the solar system during violent and sporadic phenomena called Solar Particle Events (SPESs).
SPEs can take the form of solar ares or Coronal Mass Ejections (CMESs). During an SPE, the energy and ux

of SEPs can build up exponentially and reach peak values of about 500 MeV/nucleon and 100 cmi ?si tsrj 1
within several minutes to hours [32].

SPEs have a higher chance of occurring during solar maxima but no clear pattern has been established yet.
Arough estimation is that at least one major SPE is observed every year for about nine years out of the eleven
year solar cycle [39]. On average, about 100 SPE events have been observed to occur during the course of a
solar cycle. While SPEs are relatively rare and short lived in nature, they can be highly consequential when

it comes to exposing crew and spacecrafts to danger. Outside the geomagnetic eld, SPEs can cause the
delivery of possibly lethal doses to unprotected astronauts [39].

Galactic Cosmic Rays (GCRs)

GCRs originate from high energy events and astronomical phenomena occurring outside the solar system.
Neutron stars, pulsars, active galactic nuclei (AGNSs), supernovae and hypernovae explosions are among the
likely sources. Due to the their interactions with complex interstellar magnetic elds, the precise direction

of origin of GCRs is unknown and in general, they are thought to be coming in at all directions from outside
the solar system [105]. GCRs are mainly composed of baryons (98%) with a minority of electrons (about
2%). The baryonic component consists of about 85% protons, 14% alpha particles and the remainder being
high energy and charge ions and nuclei, known as HZE particles [105]. Figure 2.2 shows the composition
of cosmic radiation in terms of the abundance of constituent elements and their relative contribution to
the uence and dose. HZE patrticles can penetrate deeply and have a big bearing on radiation damage and
dose since they have a high linear energy transfer (LET), mass and charge. The deposited energy in an
irradiated volume is proportional to the square of charge. Hence, HZE ions possess the ability to transfer
a high amount of energy into matter. This is re ected in Figure 2.2. While the uence of more massive
particles is relatively low, the doses and dose equivalents are comparable to that of more abundant, low
charge and mass elements.

Figure 2.2: Elemental composition of cosmic rays in terms of dose, uence and dose equivalent [105]

The activity of the sun dictates the out ux of solar wind and modulates the cosmic radiation ux in the solar
system and in its vicinity 2. The ux and spectra of cosmic rays up to energy levels of 1 GeV/nucleon are de-

23olar activity depends on the 11 year solar cycle and can be loosely predicted on the basis of the observed number of Sunspots.
This can be quanti ed using the Wolf Number (  https://en.wikipedia.org/wiki/Wolf_number ), which varies periodically
during the course of the 11-year long solar cycle
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pendent on the solar cycle [32]. GCR ux is anti-correlated with solar activity and therefore, maximum GCR

is observed during periods of minimum solar activity. During periods of heightened solar activity i.e. solar
maxima, the GCR contribution is markedly lower. This can be seen as a factor of 3 to 4 decrease in GCR ux
during periods of increased solar activity [105]. Compared to SEPs, GCRs prove to be a relatively constant
part of the radiation environment and their contribution to radiation exposure in a speci ¢ location within

the solar system depends on the aforementioned modulation by solar activity. GCRs make up about 80% of
the effective dose to astronauts in spacecrafts such as the International Space Station (ISS) [39], which is a
testament to their high penetration capabilities and bearing on living tissue.

The anomalous component of space radiation consists of neutral particles from the interstellar dust, which

get singly ionized upon entry into the heliosphere after interaction with the solar wind [39]. Due to the
lower charge content as compared to cosmic rays, particles belonging to the anomalous component can
penetrate deeper into the Earth's magnetosphere. An interesting effect of GCRs over long spans of time is
the alteration of exposed planetary surfaces and landscapes. Space weathering is the process of change of
planetary atmospheres and surfaces due to exposure to space environment factors such as solar ultraviolet
(UV) radiation, GCRs, solar wind, plasma and other particles that impinge on a given celestial body. Inter-
action of the soil with GCRs can cause modi cations which go as deep as several meters. Incident radiation
can lead to the formation of complex chemicals and oxidants for life [116]  S.

Trapped Particles: Van Allen Radiation Belts

Earth's magnetic eld traps and de ects charged particles that enter its region of in uence. The Van Allen
Radiation Belts (VABS) are two toroidal regions within the geomagnetic eld where these charged particles
are trapped in Earth orbit. The inner belt is composed of high energy protons (levels up to about 100 MeV)
and electrons (up to 10 MeV). It starts at an altitude of about one-tenth of Earth radius and extends up
to four Earth radii approximately. The outer VAB is made up of mostly electrons of energy levels up to 10
MeV and it exists in an altitude bracket of approximately 4 to 10 Earth radii [32]. The outer belt is mainly
populated by trapped solar particles and electrons [104].

In Low Earth Orbit (LEO), a signi cant increase in radiation exposure is observed over the South Atlantic
Anomaly (SAA), where the inner Van Allen Belt (proton belt) reaches down to altitudes as low as 200 km over
the coastal Brazilian region [105]. The SAA exists due to the relative tilt of the Earth's magnetic dipole axis
w.r.t its axis of rotation. Spacecrafts in LEO passing through the SAA experience a temporary but marked
increase in radiation exposure compared to the rest of their orbit [104]. Although the transit through the
SAA might constitute a minor fraction of the orbital period, it is the primary source of radiation exposure at
low orbital inclinations [105].

2.1.2. Lunar Radiation Environment

The lunar radiation environment is signi cantly different from what is experienced on the Earth. The Moon
does not possess a magnetosphere which can de ect or trap charged particles coming in from external
sources. The Moon has no discernible atmosphere, thereby incident radiation is not attenuated or shielded
against in any form as it reaches the surface, unlike the conditions on Earth. Primary radiation interacts
and gets re ected by the lunar regolith, resulting in the production of secondary radiation and albedo [116].
While the Earth surface also experiences secondary radiation, the cause and composition is different from
that on the Moon.

3In the case of Mars, where protection against radiation from the atmosphere is minimal, the Martian soil and rocks have been
bombarded by highly energetic particles from the sun and from galactic sources for most of the Red Planet's history. This has
resulted in the chemistry and composition of Martian regolith being altered over time [61]. At the same time, radiation can also
destroy signs of chemical biology and signatures on the surface of planetary bodies, necessitating scienti ¢ robots and rovers to
probe the subsurface to nd such signatures, if present
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Figure 2.3: Contribution of various sources (from GCR) to the absorbed dose rate at the moon [130]

Bodies in the vicinity of the Moon are exposed to radiation from GCRs and from SPEs and the solar wind that
propagates outward from the sun along heliospheric magnetic eld lines. SPEs are sporadic in nature and
dif cult to predict whereas GCR levels are comparatively steady. While SPEs possess a very high intensity,
the energy of the radiation is lower than GCRs, which makes it easier to shield against SPEs. During SPE
events, high energy electrons (» 0.5 to 1 MeV) and protons ( » 20 to 80 MeV) can arrive at the Moon within
a few hours, with the exception of some very high energy protons that can arrive within half an hour [32].
For objects in lunar orbit, the body of the Moon itself provides shielding against a part of the incoming GCR
ux as it blocks out part of the sky from the viewpoint of the orbiting body. This was observed as far back as
the late 1960s in the pioneering work of Lin [78]. The blocking depends on the view factor of the Moon w.r.t
the orbiting body, meaning that the shielding is higher for objects orbiting closer to the Moon. For objects

on the surface, almost half the incoming GCR is blocked by the Moon.

It has been estimated that the lunar landscape and surface also contribute a minor but non-negligible
amount to the absorbed dose due to the production of secondary radiation from incoming cosmic rays
[130]. Thus, this contribution made by the albedo should also be taken into consideration during the radi-
ation environment speci cation and risk assessment. Figure 2.3 shows the contribution of various sources
to the absorbed dose and dose rate near the Moon due to GCR, as estimated by [130]. It can be seen that the
albedo accounts for a non-negligible amount of the dose and hence it cannot be be completely neglected
for high accuracy radiation exposure estimates. Closer to the Moon and at the lunar surface, the contribu-
tion of albedo and secondaries to the radiation exposure is expected to rise. The contribution of the albedo
to the total dose rates at the surface has been estimated to be as high as 20% [154].

Figure 2.4: Dose rate comparison behind different levels of shielding in interplanetary space [87]

A spacecraft on a moon mission can be exposed to space radiation from multiple sources [150]. Within
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the geomagnetic eld, spacecrafts in LEO are protected from SPEs. However, this protection is no longer
available once the spacecraft leaves LEO and transitions outward from the magnetosphere of Earth. The
dose rates, while a spacecraft passes through the VABs, can be quite high [27]. Depending on the trans-
lunar trajectory chosen, the radiation exposure while crossing the radiation belts of the Earth can add a
sizeable contribution to the cumulative radiation exposure during the mission.

In cis-lunar space, the dose rates are quite low [32] and similar to values observed in interplanetary space,
for example during transit to Mars [158]. Figure 2.4 shows the typical dose rates in cis-lunar space (mea-
sured during solar minimum conditions such that the contribution of GCRs was high). During EVAs on the
lunar surface or in lunar orbit, intense SPE events could potentially deliver lethal doses to astronauts [39].
During shuttle missions, the main exposure to astronauts was observed to be caused by radiation belt tran-

sit and protons encountered therein. However, in Apollo missions, it was GCRs that contributed most of the
exposure. Flux and particle tracks of high energy and charge ions with LET > 100 keV/&m inside the Apollo
spacecrafts were measured [24].

2.1.3. Space Radiation Environment Modelling

Galactic Cosmic ray environments are described by various mathematical and semi-empirical models such
as Badhwar-O'Neill (BON), Nymmik, CREME96, CREMES86, 1SO-15390. These models mainly differ in how
the local interstellar spectrum function is formulated and the choice of solar activity parameter that is used

in the model [39]. The Badhwar-O'Neill (BON) series of GCR models make use of mathematical equations
to provide GCR uxes and intensities outside the Earth's magnetosphere. It has a modulation parameter ©,
to capture the effects of solar and heliospheric transport. The value of the modulation parameter is chosen

S0 as to best t real world observations made by space weather observatories. Several editions of the BON
model are available such as BON2010, BON2014, BON2020 etc [127]. In contrast, Nymmik's model uses a
semi-empirical approach in which the GCR intensity variation based on solar cycle changes are correlated to
Wolf sunspot numbers [98]. It has uncertainty levels below 15% [39]. The ISO model is similar to Nymmik's
model except the fact that the GCR ux drops for decreasing energies below 10 MeV/nucleon [48].

lonizing radiation emitted by the Sun is covered by models such as JPL-91, ESP, SOLPRO and SAPPHIRE
[48]. Statistical predictions of SPE events can be obtained from models such as JPL, ESP and King. The
ESP model is mathematically more sound than the King and JPL models since these models lack complete
datasets and the ESP model uses an approach based on maximum entropy theory to come up with SPE
uence distributions [39]. The SAPPHIRE model covers "all SEP environment timescales across all relevant
species in a consistent probabilistic manner" [48].

NASAs AP8/AES proton and electron belt models are used frequently in space engineering applications
to derive information about trapped particle radiation in the VABs. These models are based on data col-
lected from numerous satellites in the previous century and cover the complete radiation belt region with
wide electron and proton energy ranges [39]. These models were improved upon by the introduction of the
AE9/AP9/SPM (energetic electrons, energetic protons, and Standard Plasma Model) model set that incor-
porates data from over 40 different spacecraft on-board measurement collections 4.

SPENVIS & Other Tools

The Space Environment Information System (SPENVIS) is a comprehensive framework for accessing and
using various models of the space environment and and its effects on space vehicles and systems [62]. Itis

a modular and extensible tool which can be accessed by users via a web browser. SPENVIS includes models
and effects arising from the radiation belts, SEPs, cosmic rays, plasmas, micro-particles and gases [48]. It
enables rapid analyses of space environment related issues and effects, even for users with relatively little fa-
miliarity with the platform. Data from relevant ECSS standards and actual ight data from various missions

can also be accessed in SPENVIS. SPENVIS allows users to generate points along a spacecraft trajectory or
on a coordinate grid, which can then be used for calculations such as [48]:

» Geomagnetic coordinates
» lon LET and ux spectra and single event upset rates trapped proton ux anisotropy
» Trapped proton and electron uxes and solar proton uences

4https://www.vdl.afrl.af.mil/programs/ae9ap9/
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» Atmospheric and ionospheric densities and temperatures

» Radiation doses (ionising and non-ionising) for simple geometries

» Damage equivalent uences for Si, GaAs and multi-junction solar cells

» Sectoring analysis for dose calculations in more complex geometries

» Geant4 Monte Carlo analysis for doses and pulse height rates in planar and spherical shields

Similar to SPENVIS, OMERE is a freely available framework that contains several space environment mod-
els [103]. "OMERE computes the space environment in terms of particle uxes and radiation effects on
electronic devices in terms of dose, displacement damage, single event effects and solar cell degradation”  °.
NASAs On-Line Tool for the Assessment of Radiation in Space (OLTARIS) is an integrated tool set intended
to help scientists and engineers study the effects of space radiation on shielding materials, electronics, and
biological systems ©. It makes use of NASA's HZETRN radiation transport tool.

2.1.4. Space Radiation Transport
Space radiation transport simulations have been applied to three main areas of investigation [6]:

» Simulation of the interaction of radiation with spacecrafts, space instruments and inhabitants of
crewed vehicles (such as living organisms and tissues)

» Simulation of radiation spectra, surface and subsurface radiation levels for planetary bodies and other
celestial objects

» Simulation of radiation effects and hardening in microelectronic devices

Various software based tools that can be used to perform radiation transport simulations have been de-
veloped in the domains of space science and engineering, high energy physics, medical physics, nuclear
radiation and reactor design etc. These include tools such as, Geant4, PHITS, MCNP, FASTRAD, FLUKA
and NOVICE [69]. Radiation transport modelling codes chie y make use of two methods; (a) computing a
solution of the Boltzmann transport equation or (b) using Monte Carlo techniques to sample from inter-
action processes of primary or secondary radiation as they pass through target materials and geometries
[39]. The Boltzmann approach is deterministic in nature and is based on getting approximate solutions
of integro-differential equations that are based on conservation laws. Complex spacecraft structures and
shapes can be incorporated into the codes using ray tracing techniques. Monte Carlo codes use the absorp-
tion cross-section to determine the occurrence of nuclear interactions in the process of developing Monte
Carlo histories. This use of the cross-section parameter works out prudently since accurate experimental
and theoretical data for absorption cross-sections are readily available for various combinations of imping-
ing projectile particles and absorbing materials [39].Compared to deterministic approaches, Monte Carlo
based codes can be applied to highly complex geometries representing collections of spacecraft parts or
components and sub-assemblies of space instruments [30]. The contents, orientation and con guration
of spacecrafts can in uence the generation of secondary particles which are produced by scatter events.
Hence, Monte Carlo method based codes can be used to model these effects and provide useful estimates of
guantities such as dose rates, uences, energy deposition and dose equivalents. While Monte Carlo codes
offer more exibility than deterministic codes, they usually require much higher computational resources.

Space radiation transport models can be validated and assessments about the uncertainties can be made
using the following approaches [39]:

« Comparison amongst different transport codes and benchmarking for similar environmental condi-
tions and scenarios

» Comparison with actual measurements made by spaceborne instruments

» Comparison with data collected in ground based radiation test facilities and research centres. These
are usually done with an assortment of targets for different beam con gurations such that the char-
acteristics of space radiation can be emulated in an approximate manner

Currently used Monte Carlo method based tools and transport codes, as well as deterministic codes can
provide good descriptions of the interaction of cosmic rays with matter [39]. However, more accurate and
ef cient methods are needed that can perform these computations in a frugal manner. Codes that can

Shttps://www.trad.fr/en/space/omere-software/
Shttps://oltaris.nasa.gov/
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compute double differential nuclear cross-sections can provide results that are closer to physical reality.
Models that can describe the deposition of energy in living organisms for purposes of risk assessment also
need further improvements. This is the area where major uncertainties lie with respect to estimation of
radiation effects in space. The predictions made by models can differ from actual measurements made by
instruments due to factors such as variation in experimental conditions, nuances and limitations of the
sensing and detector technology, different solar activity and heliospheric conditions than modelled, local-
ized contributions by sources such as albedo, and secondary radiation from materials in the vicinity of the
instruments i.e. spacecraft structures, instrument housings, detector bodies etc.

Geant4

Geant4 is a Monte Carlo method based toolkit for radiation transport simulations. It was developed by
engineers and scientists from the high energy particle physics domain and has been adapted increasingly
over the years for use in space radiation research [3]. Geant4 has found applications in high energy particle
physics, medical physics, space and instrumentation elds, among others. In the space domain, it has been
used for applications such as shielding analysis, instrument and detector response studies, analysis of radi-
ation effects on electronics and biology, shielding optimization, and scienti ¢ studies involving interaction

of radiation with instruments or spacecraft components [111]. Geant4 enables the simulation of trajecto-
ries of particles of various types through user de ned 3D geometries with various material properties. The
physics of hadronic processes included in Geant4 is relevant to applications in the realm of space. Elastic
and inelastic hadronic processes as well as production of secondaries is highly important in radiation trans-
port simulations for spacecrafts and instruments. Particles from pre-de ned or user-de ned sources with a
variety of energy, vertex position and angular distributions can be used as the radiation source(s) [111].

2.2. Space Radiation Measurement

lonizing radiation can be measured and quanti ed by the use of instruments which incorporate radiation
detectors. Most detectors are made up of two main parts - a material or substance that is responsive to
incident ionizing radiation, and an external device that can take this response and convert it into physical
signals that can be measured and recorded ‘. Detectors of ionizing radiation can be categorized based on
the type of radiation being detected or the purpose of the detector. Based on the purpose of the detector,
the classi cation can be made as:

» Dosimeters: These detectors measure ionizing radiation exposure in terms of the dose i.e energy ab-
sorbed in the detector volume

» Spectrometers: These detectors measure the spectrum of incident ionizing radiation which can later
be used to derive the energy of particles

» Counters: Counters detect the number of hits or interactions of ionizing radiation particles with the
detector. They are used to measure radioactivity in counts per unit time.

2.2.1. Instruments for in-situ measurement of ionizing radiation

Accurate modelling and simulation of the space radiation environment on ground requires real-world mea-
surements. Extensive measurements of quantities such as the absorbed dose, LET spectra, uence and
composition and distribution of particles is needed for various radiation environments. A wide array of
instruments and techniques have been developed and deployed for the purpose of measuring and charac-
terising radiation in space. These instruments have been deployed in Earth orbit, in interplanetary space
and on other extra-terrestrial locations such as the Moon and Mars. These devices have been aimed at mea-
suring radiation for scienti ¢ purposes, as well as monitoring space weather or to keep track of radiation
received by astronauts i.e. personal dosimetry.

A brief overview of the most relevant space radiation measurement instruments of recent times is provided
hereon, sorted by the type of environment being measured, from LEO to the Moon and nally Mars. Of rel-

evance here are instruments that measure the radiation environment in space in terms of ionizing radiation

and its exposure ©.

https:/iwww.nuclear-power.com/nuclear-engineering/radiation-detection/
8Telescopes or observatories that carry out optical, UV, infrared, radio or other such low energy radiation observations as well as
X-Ray or Gamma-Ray observatories, neutrino detectors lie outside the scope of this literature review
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An overview of the radiation measurement instruments that have been deployed at the ISS and in LEO is
provided in [26] and [10]. Besides the ISS, many radiation detectors and instruments have been used to
characterize and map the radiation eld in Earth Orbit, on-board various satellites [105, 56, 33]. The radi-
ation eld in the upper atmosphere has also been studied by the use of high altitude balloon ights [107].
Spacecraft with orbits that intersect with the VABs have been deployed to study the intense radiation envi-
ronment in the proton and electron belts [63]. As early as 1968, Geiger Muller tubes on board the Explorer
35 spacecraft were used to make measurements of energetic particles and plasma of the Moon [78]. In
recent times, a handful of instruments have been deployed to measure the lunar radiation environment.
The RADOM instrument on-board Chandrayaan-1 measured the radiation environment for a Moon orbiter
mission [32]. Around the same time, the CRaTER instrument on-board NASAS Lunar Reconnaissance Or-
biter spacecraft performed measurements of cosmic rays in lunar orbit [80]. In 2019, the LND instrument
measured ionizing radiation on the lunar surface, as a part of the Chang'e 4 mission [159].

In the remainder of this section, the instruments and missions that are most relevant for this thesis are
described in more detail. These include DOSTEL, CRaTER, RADOM, LND, L4M as well as some upcoming
instruments like LETS, M42 and RAD-PC.

DOSTEL - ISS
The DOSTEL (Dosimetry Telescope) instrument on board the ISS was used in two major experiments called
DOSIS & DOSIS3D [14].

The DOSTEL instrument is essentially a solid state Si detector telescope that consists of a stack of Si de-
tector disks (as shown in Figure 2.5). Depending on the direction of incidence, radiation species can pass
through one or more detectors and be registered by these (if they possess energies that lie above the detec-
tion threshold of a given Si disk). Count rates and doses are measured in each detector and coincidences
between detectors can be used to determine the LET of incident radiation. Strong coincidence and anti-
coincidence detection logic allow for discrimination between particle types, energies and spectra during
post processing of the instrument data.

Figure 2.5: Schematic of DOSTEL detector setup [26]

Analog and digital circuitry connected to the detector allows for analysis of pulses produced in the Si de-
tectors and for amplifying, measuring, recording and communicating the measurements to the Columbus
module rack via an additional data processing unit. Components of the detector readout electronics include

a pulse ampli er, integrating capacitors, microcontroller, timer, ADC, ash memory and RAM. The power
consumption of each DOSTEL was observed at about 3W [14].The integration time of measurements was
set based on estimates of particles count rates such that statistically signi cant data sets could be obtained.

In the DOSIS experiments, two DOSTEL telescopes were aligned with separate ISS axes to capture the tem-
poral variations of the radiation eld and its directionality. Passive detectors spread throughout the space
station measured the spatial distribution in parallel.

The measured absorbed doses went as high as 286 & y/day in May 2016. To give a comparison, high end
measurements of about 1400 &Gy/hr were measured outside the ISS by the R3D3 instrument around the
same time period [14]. Variations in the measured doses rates were observed and studies w.r.t change in
the ISS altitude, passage over the South Atlantic Anomaly (SAA), change in ISS con guration due to Space
Shuttle docking and variations in solar activity, were conducted.

Comparisons of DOSTEL results with data from other radiation measurement instruments inside the station



2.2. Space Radiation Measurement 11

showed good agreement. It was observed that the doses reported by one of the DOSTELSs was always about
20% lower than the other [14] °. A notable limitation of Si detector based telescopes like DOSTEL is that the
LET is derived by assuming that the distance travelled by incident particles is equivalent to the mean chord
length between consecutive detector disks [26]. In reality, this assumption is more accurate for particles
that lie within a very narrow bracket within the eld of view (FOV) of the telescope.

CRaTER-LRO

One of the main scienti ¢ goals of NASAs Lunar Reconnaissance Orbiter (LRO) was to perform measure-
ments of ionizing radiation in the lunar environment [143]. To achieve this goal, the Cosmic Ray Telescope
for the Effects of Radiation (CRaTER), was manifested on-board the LRO spacecraft in 2009. The goal of
CRaTER is to measure the lunar radiation environment, with the purpose of identifying the absorbed ra-
diation dose to prepare for future manned and unmanned missions to the Moon [80]. The data collected
by CRaTER was successfully used to characterize radiation in the lunar orbit and on transit from the Earth
to the Moon. The instrument is similar in makeup to DOSTEL [14]. CRaTER also houses a small, high res-
olution micro-dosimeter which was used as an independent way to make radiation measurements [79].
The micro-dosimeter can be seen without its cover lid in Figure 2.6b. While originally developed by the
Aerospace Corporation, this micro-dosimeter technology was later adapted by Teledyne for its UDOS-001
10 and UDOS-007 * micro-dosimeters which have been used in several space missions [79, 107].

Instrument Setup & Operation

The CRaTER telescope consists of a stack of 3 pairs of thick and thin solid state Si detectors arranged in a
line, along with disks of tissue equivalent plastic (TEP) sandwiched in between. The stack is assembled into
a telescope shaped Al housing. In each Si detector pair, the thick detectors can detect low energy particles,
down to single particle species. The thin detectors have a higher energy threshold so that only high energy
and charge particles can be detected in these. Most protons and alpha particles are not picked up by the thin
detectors and the thick detectors can get saturated with relative ease, on encounter with a moderately high
charge ion [80]. With the readings acquired from the detectors, a detailed characterization and calibration
database is used on the back end to determine LET spectra [87].

(a) Cut-away view of the CRaTER telescope, showing the
detector stack [153] (b) The micro-dosimeter on the CRaTER instrument [87]

Figure 2.6: CRaTER telescope and dosimeter

9The reason for this was the different direction of the second telescope as well as a higher effective local shielding from the ISS. Itis
also interesting to note that in the DOSIS experiments, the GCR measurements were only performed over the northern hemisphere
in the orbit of the ISS. This was done to avoid pollution due to measurements made in the SAA. Effectively, GCR data from the
Northern hemisphere was doubled to estimate the dose and dose rates over the entire ISS orbit

Ohttps:/iwww.datasheetarchive.com/whats_new/7a08bbe0a08a4f486f2921ef18d7e707.html

Uhttps:/iwww.datasheetarchive.com/whats_new/88783532bel1dd2453aaededef3f95f4.html
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The micro-dosimeter has a resolution of about 13 & ad 12, which enables high precision measurements of
the dose in the lunar environment and a range of about 40 krads. The Total lonizing Dose (TID) accuracy of
the device was tested to be § 20% [87]. The micro-dosimeter consists of a silicon detector in which charge is
deposited by incident radiation, and a CMOS based ASIC that performs most of the signal processing. From
the detector, the ASIC ampli es current pulses and integrates them. When the magnitude of the integrated
pulses reaches a dose quantum, the counters increment and an output is produced by the DACs. The output
consists of Analog DC voltages that are proportional to the TID. There are 3 different step sizes for the DACs
which correspond to dose quantums of 13.6 uRad, 3.6 mRad and 0.88 Rad respectively. Processing of the
telemetred data on ground is performed to track the rolling over of counters, TID and dose rate, along with
tracking of power outages, failures or periods of inactivity [87].

Observations & Results

The LRO CRaTER telescope and micro-dosimeter performed measurements during a period of very low
solar activity, corresponding to the lowest solar minimum in recent history [14]. The highest GCR dose rate
measured by CRaTER was about 11.7 cGy/yr [116]. The average dose rate measured by the micro-dosimeter
in lunar orbit varied from about 14 - 21 & y/ h, with a reduction observed with decreasing altitude of the
orbit (as expected due to the shadowing provided by the Moon) [87]. The dose rate measured while LRO
was at a lunar orbit of 50 km altitude was seen to be about 30% less than the dose rates observed during
Earth to Moon transit [87]. Figure 2.7a shows the measured dose rate and corresponding altitude of the LRO
spacecraft w.r.t time. A decreasing trend can be seen in this plot. More results from CRaTER and the LRO
mission can be found at the CRaTER data products repository 3.

(a) Average dose rate and LRO altitude w.r.t time [87] (b) TID measured over time by the micro-dosimeter [87]

Figure 2.7: CRaTER mission results

Figure 2.7b shows the total ionizing dose measurements made by the micro-dosimeter over nearly a year

long period from June 2009 to May 2010. It was observed that gradual TID changes occurred on time scales
of several hours. Comparison between the data from the CRaTER telescope and the micro-dosimeter re-
vealed an uncertainty of about 15% in the measurements. The dose rates were similar but the micro-

dosimeter measured slightly higher dose rates at about 18.9 cGy/yr compared to the telescope at 16.5 cGy/yr
from June 2009 to May 2010 [116]. One reason for this may be the slight variation in shielding that is expe-
rienced by the detectors of the two instruments.

A drawback of the CRaTER instrument is that it cannot be used to detect neutrons since it lacks a scintillator.
An important observation made during simulations and data analysis in [80] was that due to the arrange-
ment of its detector stack, the CRaTER instrument's sensitivity to GCRs is direction dependent. When this
dependency is coupled with changes in the pointing direction of the instrument, it can result in under-
detection of some radiation species. This leads to the operational consideration that for instruments that
display directional dependency in sensitivity to radiation, rigorous tracking and bookkeeping of the instru-
ment/spacecraft attitude during measurement periods is necessary.

12This equates to a resolution of 0.13 &Gy
Bhttps://prediccs.sr.unh.edu//craterweb/products.php?numplots=1&durationtype=span&ProductG111=
doserates&SepGcrAllTypelll=all&lnvCombG1l11l=doserates_micro
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RADOM

The Radiation Dose Monitor (RADOM) instrument on India's Chandrayaan 1 mission measured the Earth
and Moon radiation environment, starting in late 2008 [32]. RADOM was a small dosimeter-spectrometer
that measured the radiation environment during the Chandrayaan mission, in Earth orbit, during the transit
to the Moon as well as in the lunar orbit phase at different altitudes. The instrument primarily measured
the total absorbed dose, particle ux and spectra of energy deposited by particles.

Instrument Setup & Operation

With an envelope of 100 X 40 X 20 mm and a mass of 100 grams, RADOM is a compact instrument that has
a nominal power consumption of about 350 mW. It consists of a Si detector, the O/P for which is ampli ed
using a charge sensitive pre-ampli er. The principle of detection is that incident radiation generates volt-
age pulses in the detector which are proportional to the deposited energy. Subsequently, an ADC converts
the signal into digital form and feeds it to the slave MCU, in tandem with the action of an electronic dis-
criminator. Deposited dose and particle ux are calculated using the multi-channel O/P of the slave MCU
and ADC. A Master MCU controls the slave and manages power and telemetry interfaces with the rest of
the spacecraft [32]. Figure 2.8 shows the electronic architecture of RADOM [32]. In terms of its setup and
construction, RADOM is inspired by Liulin 4 type dosimeters and R3D instruments [33].

Figure 2.8: RADOM electronic functional block diagram [32]

Observations & Results

Similar to the observations made by CRaTER, RADOM made measurements during a period of historically
low solar activity circa 2009 [108], which resulted in a favorable opportunity to measure GCR since it made
up the dominant component of the lunar and interplanetary radiation environment.

Measurements in LEO were made with a time resolution of 10s. The dose rate, ux, counts per energy
channel recorded w.r.t the altitude can be seen in Figure 2.9a. Moving from left to right, high dose and
ux are observed in the outer VAB and subsequently in the inner VAB. An intermediate dip is seen at the
spacecraft passes through the 'slot region' between the VABs. Post passage through the inner VAB, a big drop
is seen as the spacecraft enters LEO altitudes. Here, the dose rates were seen to be in line with observations
made on the ISS [32]. Thereafter, this cycle repeats as the spacecraft orbits the Earth multiple times before
several apogee raising maneuvers and the trans lunar injection burn take place. The type of particles were
inferred from a derived quantity called the speci c dose per particle. This is calculated by dividing the
dose rate by the ux. The speci c dose and energy values recorded in the spectrometer were used to make
predictions about the incident radiation particle types.

RADOM data was compared to AP-8/MIN and CRRESS models, set up with minimal solar activity and par-
ticle energies which correspond to the detection threshold of RADOM. It was found that these models pre-
dicted ux values which were one or two orders of magnitude above RADOM data for radiation near Earth
apogee. The authors chalked these differences up to several factors, such as:

* Inherent uncertainties in the model data
« RADOM electronics set up resulted in a spectrometer dead time of about20  &s 4.

The slot region experienced by RADOM was found to be wider than the predictions made by the models.
According to the investigators, this could have been caused by the abnormally low solar & geomagnetic

14This factor is relevant because of the high uxes in the VABs
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(a) Measurements of speci c dose, dose rate, ux and detector (b) Observations by RADOM during lunar transit and capture,
counts per channel w.r.t Earth orbit altitude [32] adapted from [32]

Figure 2.9: Mission results from the RADOM instrument [32]

activity during the Chandrayaan mission, which would not be captured by the theoretical models [32].

During transit, the total dose accrued was calculated as approximately 1.3 Gy. Average particle ux was
found to be about 3.14 cm' ?si ! and the dose rates were on average 12.76 &/ h [32]. The running average
of dose rate and ux w.r.t altitude from the Moon can be seen in Figure 2.9b. Closer to the Moon, the dose
rate and ux reduced because of the obstruction to incoming radiation presented by the Moon's disk. It

can be seen in Figure 2.9b that the shielding effect reduces as the spacecraft ventures higher away from
the Moon. Over time, an increasing trend of the average GCR ux and dose rates was observed, which was
veri ed by Neutron monitor readings on Earth [32].

As with other micro-dosimeters, RADOM's detector had a low effectiveness toward neutrons, which are no-
toriously hard to detect in compact systems [10]. The shielding on the back side of the RADOM instrument
was not known exactly, leading to uncertainty in the radiation species that can originate from about half of
the total viewing angle of the instrument. Complex interactions of incoming radiation with the body of the
spacecraft made the measurement of radiation on this side even more uncertain and dif cult. A systematic
discrepancy was observed when comparing RADOM data to theoretical models. The authors speculated
this to be caused by a less than 2 % FQOV on the front side of the detector when the instrument was actually
integrated into the Chandrayaan spacecraft [32]. The investigators also speculated that the measurements
made by RADOM were lower than some theoretical models due to the dead time of the spectrometer elec-
tronics, which caused a portion of the incident particles to be missed in every cycle of data acquisition.

LND - Chang'E 4

The Lunar Lander Neutron & Dosimetry experiment (LND) was the rst instrument to perform active and
time-resolved measurements on the lunar surface [159]. The instrument was operated on-board the Chi-
nese Chang'E 4 mission which culminated with a lander descending into the Aitken basin, located in the
von Karman crater at the south pole of the Moon [154] . The LND instrument was operated during solar
minimum, although not as deep as the one observed in the beginning of Solar Cycle-24 by CRaTER [87].
Consequently, the measurements made by LND re ect mainly the contribution of GCRs to the lunar ra-
diation environment and can be approximated as the upper limits of GCR dose that would generally be
expected at the lunar surface.
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Instrument setup & Operation

The LND instrument is essentially a Si particle telescope and consists of 10 dual-segment Si detectors
stacked in a column. The segmented detectors are geometrically arranged such that particles of various
energies and LET spectra distribution can be observed. The addition of conversion foils allows the mea-
surement of neutral particles in conjunction. This enables the direct detection of the neutral component

of secondary radiation at the lunar surface. A drawback of Si solid state detector (SSD) telescopes is that
the count rates measured by the telescope depend on its orientation if the radiation eld is non-isotropic in
nature [154].

Figure 2.10: Schematic view of the LND instrument [154]

LND collected the following types of data at various resolutions, and measurement cadences of 1 minute,
10 minutes or 1 hour:

» Dose rate in Si from charged and neutral particles, resolved in time
* LET spectra

» Charged particle spectra

» Thermal neutron count rates

» Energy deposition spectra of neutral particles

Total and neutral particle dose rates were measured separately by LND. Subtraction of the latter from the
former yields the charged particle dose rates [159]. LND was also designed to measure fast particle and
thermal neutrons which are created as secondary radiation from the interaction of high energy radiation
particles with the lunar surface.

Observations & Results

On average at the lunar surface, the absorbed dose rate was measured by LND to be about 13.2 81 &Gy/h
and the dose rate of neutral particles was observed to be about 3.1 8§0.5 &Gy/h [159]. The total absorbed
dose rates are comparable to the measurements made by RADOM [32] and CRaTER [87] micro-dosimeters.
However, the neutral particle dose rates were found to be remarkably high. This could have been due to
secondary particles created on interaction of primary GCRs with the structure of the Chang'E 4 lander and
the body of the instrument [159]. The dose rates and ux for charged particles remained relatively constant
over the measurement period 1°.

For further validation, the measurements made by LND were compared with those acquired by other space-
crafts. Notably, the LRO spacecraft with its CRaTER instrument passed over the LND landing site in Feb
2019. The comparison of dose rates during this period from both instruments was found to be in good
agreement at about 10 & y/h [159].

15Toward the end of each lunar day, Ammonia, the working uid owing in heat exchanger pipes in the lander, created additional
shielding during the lunar night and affected the detection of neutral particles
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The presence of radioactive heating and power sources on the Chang'e 4 lander (Radioactive Heater Units -
RHUs and Radioisotope Thermoelectric Generators - RTGS) necessitated an extensive effort to calibrate the
LND instrument and to identify and remove sources of background noise, as discussed in [64]. Since these
noise characterisation efforts were carried out before launch, the evolution of the noise sources over time
and in the actual mission environment could not be determined. Furthermore, the exact shielding provided
to the LND instrument by the Chang'e 4 lander was not known and had to be approximated based on best
estimates of spacecraft structural materials and construction [159]. The door of the payload compartment
in which LND was housed was opened during lunar days and shut during the nights to provide thermal
control. This also resulted in variable shielding for the radiation measurements. The initial measurements
were further polluted by the presence of the Yutu-2 rover, which contained an RTG that emitted radiation
recorded by LND until it was deployed from the Chang'E 4 lander [159].

Figure 2.11: Total, neutral particle and charged particle dose rates measured by LND during the rst couple of lunar
days after landing. Note: The background noise from radioactive sources has already been subtracted from the data in
the plots [159]

4M - Lunar yby

An early prototype of the FGDOS radiation sensor mentioned in subsection 2.2.2 was located on-board the
Chinese Chang'e 5-T1 lunar yby demonstrator. The FGDOS was incorporated as a part of the payload for
the Lunar 4M (Manfred Memorial Moon Mission) [91] and served as the rst real world demonstration of

the capabilities of the FGDOS sensor in a deep space setting [27]. The hardness of the sensor w.r.t the space
radiation environment was also investigated.

Instrument Setup & Operation

The experiment consisted of a PCB module with two FGDOS sensors interfaced with a microcontroller that
controlled the sensors and some peripheral electronics chips, while also handling CD&H and communica-
tion with the On-board Computer (OBC) of 4M. The PCB was located inside aluminum housing that pro-
vided 5mm of Al shielding, which the authors claim prevented saturation of the sensors during VAB passage.
Figure 2.12 shows the electronic block diagram of the payload. It is interesting to note that the portion of
the housing over the FGDOS sensors was machined down to 500 microns.
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One of the FGDOS sensors was set to high sensitivity whereas the other one was con gured for low sensi-
tivity. This way, the sensitivity characteristics and dependencies of the sensor had a control measure built
in to the experiment. It was found during operations that the experiment board had a power consumption

of about 82.5 mW and drew about 15mA of current from the 5V supply line [27]. Hence, the experiment
was able to perform interesting measurements and scienti ¢ data collection on a shoestring power budget.
Additionally, the 'passive mode' of the sensor could be used to perform TID measurements with virtually no
power consumption. The following data elds were collected during the mission:

* FGDOS Sensor frequency

» FGDOS Reference frequency

» Sensor Chip temperature

» Number of recharges executed
* Identi er ag of the active sensor

Figure 2.12: DRALUX experiment block diagram [27]

Observations & Results

The data collected by the FGDOS sensors during the 4M mission was compared to simulations that were
performed using the OMERE 6. The simulations predicted that most of the TID would be accumulated
during the passage of the spacecraft through the VABs [63]. The effect of the shielding provided by the
Al housing was compensated for, using a weighted spherical shield model. As shown by the plots in Fig-
ure 2.13a, the sensors recorded a cumulative TID of about 23-24 rad each while the simulations predicted a
higher TID of around 29.3rad § 5.8 rad, but the actual measurements were within the margin of error [27].

(a) Entire mission (b) VAB passage

Figure 2.13: Comparison of simulation results (without shielding) and mission data from DRALUX [27]

The temperature of the sensors was seen to have a considerable effect on measurements and two differ-

18https://www.trad.fr/en/space/omere-software/



2.2. Space Radiation Measurement 18

ent compensation methods were applied to reduce this: (a) based on a look up table generated during
characterization and (b) based on the measured temperature on the chip. Overall, there was considerable
agreement between the experiment data and simulated results from OMERE [27]. During VAB passage, the
simulations showed a higher expected TID as seen in Figure 2.13b. Since pre mission sensor characteri-
zation was only done against gamma rays and not against other radiation sources, the absolute measure-
ments of the sensors could be error prone, leading to the necessity to rely on relative measurements and
trends instead.The discrepancy between estimations from the simulations and the sensor measurements
can be attributed to inaccuracies in the shielding model, lack of a complete sensor characterization effort
and uncertainties in the environmental models used in the OMERE tool.

The investigation and developments that were carried out in this mission can potentially be built upon and
improved in the following ways [27, 4, 34]:

» Sensors could be characterized pre- ight for both active and passive measurement modes

» The dependence of the sensitivity on dose rate can be explored further, especially in high dose rate
periods such as the VAB transit

* Various particle cocktails could be used on the ground to better observe the behavior of the sensors
in mixed radiation elds and in conditions that are more representative of the space radiation envi-
ronment

» Forradiation eld characterization, methods that can be used to discriminate between particle species
and their energies would be interesting to explore

NASASs Lunar Energy Transfer Spectrometer (LETS)

A couple of Linear Energy Transfer (LET) Spectrometers developed by NASA are scheduled to y on board
upcoming commercial lunar lander ights being conducted by Masten Space Systems 17 and Astrobotic
18 in 2022-23. The LETS instruments are built around the TimePix sensor that has already been in use on
the ISS [133]. The TimePix detector is a ‘photon camera’ that can capture the tracks of incident particles.
The sensor consists of a Si detector with a pixelated ASIC for energy readout and interfacing [45]. Before
landing on the Moon, similar versions of the LETS instrument are scheduled to y in the HERA and BIRD
experiments on Orion Exploration missions in the near future [118]. Figure 2.14 shows an exploded view of
the LETS instrument design.

Figure 2.14: NASA LET Spectrometer instrument [55]

The TimePix and MediPix based instruments can provide high performance radiation measurement ca-
pabilities with data products such as track structure images, linear energy transfer, absorbed dose over a
wide energy range and dose rate. However, these instruments possess a relatively large form factor (16 X

I7https:/imasten.aero/blog/masten-mission-1-instruments-lunar-south-pole/
18https://www.astrobotic.com/lunar-delivery/manifest/
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10 X 5 cm and mass of the order of 750 grams for LETS). Combined with the high power consumption of 2
Watts [45], these instruments are arguably suitable only for platforms such as landers or larger spacecratft.
For miniaturized platforms such as micro-rovers and nanosatellites, the TimePix based instruments do not
necessarily comply with design constraints and thus, these are more suitable for use in crewed capsules,
orbiters, landers or smaller space probes.

DLR's M-42 Instrument

The German Aerospace Lab DLR, is also scheduled to y its M-42 radiation dose measuring instrument

to the lunar surface on-board the Peregrine lander as a part of Astrobotic's Peregrine mission 1 [13]. The
M-42 instrument will perform radiation measurements at its Lacus Mortis landing site. This instrument

is based on a planar Si PIN photodiode. The instrument has a whole suite of sensors in addition to the
radiation detector and its readout electronics. These include accelerometers, temperature and pressure
sensors [13]. Similar to the aforementioned LETS, the size, mass and power consumption characteristics of
the instrument make it unsuitable for highly miniaturized and compact platforms.

19

RadPC

The RadPC-Lunar mission is dedicated to demonstrating a new computer with relatively high performance
that can recover from ionizing radiation induced errors and faults [83]. RadPC was developed at Montana
State University and is scheduled to y on-board a commercial lunar lander in 2022-23. The RadPC payload
will carry a dosimeter experiment to perform characterization of the radiation eld at the lunar surface and
will attempt to correlate dose measurements with data about upsets and faults in the on-board computer
as it performs a predetermined computational task. The dosimeter part of the payload is housed on a sep-
arate PCB from the on-board computer and it consists of three Teledyne UDOS001-C micro-dosimeter that
interface with a microcontroller [79]. The dosimeters will perform measurements during transit, orbit and
on the lunar surface and send telemetry to the RadPC experiment via RS422 [83].

Mars - MSL Rad

NASASs Mars Radiation Environment Experiment (MARIE) 2°, on the Mars Odyssey probe performed mea-
surements aimed at characterizing the radiation environment in Mars orbit and during interplanetary tran-

sit from Earth to Mars. MARIE performed ux and dose measurements and the observations returned aver-
age dose rates of about 240 & Gy/day in Mars orbit [105].

An instrument similar in makeup to the DOSTEL instruments was own on-board the Curiosity rover as a
part of the Mars Science Laboratory (MSL) mission in 2011 and landed on the surface of Mars in 2012 [58].
The aim of the MSL Radiation Assessment Detector (RAD) instrument was to perform in-situ measurements
of the ionizing radiation environment on the Martian surface [61]. The instrument can detect neutral and
charged particles by making use of a silicon detector telescope, a calorimeter and a plastic scintillator.

Radiation from GCRs and SEPs was measured for different phases of the mission, namely surface operations
and interplanetary transit from Earth to Mars. The average GCR dose rate at the surface was measured to
be 0.21 8§ 0.04 mGy/day while during cruise it was measured to be more than twice that rate at 0.48  § 0.08
mGy/day [158]. The difference in the measured dose rate is due to the shielding provided to the instrument

by the spacecraft being lower than that provided by the Martian atmosphere, generation of secondary radi-
ation due to interaction of primary GCRs with the regolith and atmosphere, partial shadowing of the lower
hemisphere of Mars by the planet itself and variations in the modulation of GCRs by solar activity [61].

The measured dose rates are shown in Figure 2.15. The RAD instrument also observed an SPE associated
with a solar are that occurred in April 2013. This can be seen as a sharp spike in Figure 2.15. The obser-
vations from RAD thus provide additional points of data for testing theoretical models of solar energetic
particle propagation [61]. Diurnal variations in the dose rate were caused by a combination of factors such

as the changes in Mars atmospheric pressure, seasonal variations and variability in the heliospheric struc-
ture along with the rotation of Mars [61]. The dose rate on the surface, was found to be anti-correlated with
Mars surface atmospheric pressure. Higher pressure can lead to a small increase in the amount of shielding

Lhttps:/ivww.dir.de/content/en/articles/news/2021/02/20210422_m-42-will-measure-radiation-on-the-moon.
html
20https://mars.nasa.gov/odyssey/mission/instruments/marie/



2.2. Space Radiation Measurement 20

that the atmosphere provides to the surface locally.

Figure 2.15: Dose rate measured at Mars surface by RAD [61]

Similar to Chang'e 4, the MSL had radioactive energy sources on-board which emitted radiation that acted

as a source of noise for the RAD instrument. Efforts were made to characterize these sources a priori [158].
While these calibration and compensation efforts provide a more accurate picture of the actual radiation en-
vironment; secondary radiation due to the structure of the spacecraft, the ensconced rover and the housing

of the instrument can add further uncertainty to measurements of the 'natural’ space radiation environ-
ment during transit. To attempt to account for this, simpli ed models of the mass of the spacecraft (and

its shielding) were set up and techniques such as sectoring analysis, ray tracing and radiation transport
simulations were applied [158].

2.2.2. Miniaturized Dosimeters for Space Applications

As demonstrated by CRaTER, a relatively tiny and simple dosimeter can perform real-time measurements
of the ionizing radiation environment in space, providing quantitative information about physical phe-
nomena with low consumption of valuable spacecraft resources [87]. The requirements and constraints for
detectors in space are often more demanding than that for terrestrial applications because of factors such
as size, weight, power consumption and telemetry budget, which come at a premium in space applications.
Moreover, detectors in space need to provide more information than their terrestrial counterparts due to the
complexity and consequential nature of the space radiation environment. To completely characterize the
environment, time resolved data about dose and dose rate in typically low ux environments are needed,
in addition to the measurement of other properties such as LET and ionization density of particles [26].
Dosimeters can be classi ed as being active or passive in nature. While most passive dosimeters do not sup-
ply real-time measurements, there are some portable readout passive dosimeters that can provide periodic
measurements of the dose and dose rate. Caffrey et al [26] provide an extensive comparison of active and
passive detectors for dosimetry in space. Active detectors such as Si telescopes, Gas lled detectors, Neu-
tron Bonner ball detectors and Si semiconductor detectors provide high quality, real time measurements
but they have some limitations regrading LET and equivalent dose measurements. The power demands
and sizes are also higher.

MOSFET based detectors (such as RADFETs) have been used abundantly in space applications because
of their versatility to function as both active and passive detectors [73, 63]. The working principle is that
incident ionizing radiation causes a shift in the threshold voltage of the MOSFET, which can be correlated
directly with the dose. This shift is caused due to formation of electron-hole pairs in the oxide layer beneath

the transistor gate when ionizing radiation passes through. While MOSFETSs offer desirable capabilities, they
cannot be used to measure LET distributions independently for radiation other than electrons and protons

in a mixed radiation eld, and neutrons can only be measured indirectly. In general, the measurement of
neutrons aboard spacecrafts is a challenging task for compact dosimetry instruments [10].

Furthermore, there is a high demand for miniaturized radiation monitoring and measurement capabili-
ties for very small platforms such as nano-satellites. The use of miniaturized spacecraft such as CubeSats
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has grown exponentially over the past few decades due to their versatility, low development cost and ease
of launch. Unlike large satellites, these platforms can be deployed frequently and carry out missions with
higher risk pro les. They can also be utilized in a distributed and decentralized manner in the form of
constellations, networks or swarms of tiny spacecrafts. A similar philosophy can be applied to planetary
exploration by making use of many compact robots/vehicles. Due to these characteristics and capabilities
of small spacecrafts, radiation detectors on-board these devices can have previously unexplored applica-
tions when it comes to rapid mapping and characterisation of radiation elds, space weather monitoring
or studying the effect of radiation exposure on electronic systems. At the same time, the detectors need to
comply with the relatively harsher constraints on resources such as volume, mass, power, compute etc. Nat-
urally, the use of semi-conductor based solid state detectors ts such use cases well. In the next section, one
such sensor with promising features is described in further detail. A complete summary of active detectors
and dosimeters that have been used in space can be found in [94].

Floating Gate Dosimeter - FGDOS

A novel Floating Gate MOSFET based dosimeter has been developed for use in space applications, particle
accelerators and medical irradiation facilities [34]. The use of MOSFET based dosimeters which leverage
oating gate (FG) MOSFETSs to perform measurements in space was proposed back in 1998 by Scheick et al
[115]. This followed from the observation that non volatile memory chips built from oating gate MOSFET
cells were sensitive to radiation. FG MOSFET based dosimeters can be made in very small sizes, with in-
tegrated electronics for readout and low required voltage supply. The manufacturing of such chips can be
achieved with a conventional CMOS process [4]. Moreover, because of the detection principle, such dosime-
ters can even make measurements without external bias voltage for limited time time periods/doses.

The principle of detection of these dosimeters is that there are two ways in which incident radiation dimin-
ishes the charge on the oating gate [4]:

1. Charge is generated in the surrounding oxides and combines with the charge on the oating gate
2. Absorption of radiation causes emission of charge carriers that possess enough energy to break through
the potential barrier in the MOSFET

The oating gate dosimeter developed by Sealicon (formerly iC-Malaga), called FGDOS, has some salient
features such as temperature compensation, recharging capability and sensitivity con guration [4]. The
sensor produces an output frequency signal that depends on the received TID [51]. In practice, the FGDOS
chip consists of two sensors which can be read alternately. Each sensor consists of a Floating Gate (FG)
MOSFET and a standard one (which is not affected by radiation and acts as the control for temperature
dependency). The differential frequency that is obtained by the readout electronics, based on the voltage
of the FG MOSFET and the standard one are correlated to the TID by a characteristic sensitivity in kHz/Gy.
The sensitivity is based on the area of the oating gate and can be selected in software by choosing from
two different MOSFETSs in the chip that have different oating gate areas, and thus a different sensitivity too.
Figure 2.16b shows the schematic makeup of the FG MOSFET.

In operation, the sensor is initialized by charging the FG to a pre-set value that corresponds with a target
frequency. Incident radiation depletes this charge and hence the frequency starts to descend, until it reaches
a threshold value, whereupon the FG must be recharged. The target and threshold are selected such that
the sensor remains in the range where its behavior w.r.t the TID is approximately linear. Figure 2.16a depicts
this operation cycle.

Initial characterization of FGDOS prototypes was carried out to determine whether the chip is suitable for
use in space based applications and is described in [4]. Various chip samples were subjected to a Co-60
source and showed a promising linear relationship between the frequency and total ionizing dose (TID)
up to 10 krad. The sensitivity was found to be consistent between different samples, but a dependence of
the sensitivity on the dose rate was observed. Higher sensitivity was observed at higher dose rates and a
degradation in the sensitivity was seen at lower dose rates. An interplay between the effects of dose rate and
TID on the sensitivity exists and the sensitivity was found to degrade at high TID [4].

As mentioned by Benton et al [10] and Caffrey et al [26], there is a need for small, low power active detectors
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with a portable readout. The FGDOS is one of the sensors that lIs this gap in radiation measurement
and space dosimetry instrument needs. In the realm of space ight where weight, power consumption and
computation come at a premium, such a low cost and low footprint sensor can offer exciting scienti ¢ as
well as radiation monitoring capabilities, especially when it comes to operations on board very small and
compact platforms such as nano/pico-satellites, chip satellites, mini-robots and rovers etc. As described
earlier, the sensor has already been used in space on a Lunar Flyby mission, to measure the dose and dose
rate in the vicinity of the Moon and during transit to the Moon [27].

(a) FGDOS operation principle [117] (b) FG MOSFET schematic [51]

Figure 2.16: FGDOS operation and physical schematic

Compared to the conventional RADFETs used for ESA missions, the FGDOS sensor has a much better reso-
lution of about 2 mGy and and an extremely low power consumption of about 20-30 mW at 5V bias. It also
has a higher sensitivity. The limitations are that the FGDOS sensors developed so far need a 5V supply and
they possess a limited dose range which is smaller than that of RADFETSs [109].

Figure 2.17: FGD-03F block diagram [117]

The limitation of this detector technology is that it cannot measure LET or neutrons directly. While neutron
measurements can be inferred from secondary effects during post measurement analysis, only a very coarse
estimate can be made by measuring absorbed dose and using an averaged mean path length to derive the
LET of incident radiation. Since dose and dose rate are cumulative measures of the energy deposited by
incident radiation, these cannot be used directly for complete characterization of the radiation eld since
the energy spectra, particle composition, ux etc. cannot be derived directly from cumulative measure-
ments alone. This limitation applies to dosimeters in general, unless complemented by another detector
technology or instrument such as an LET spectrometer or scintillator.

The FGDOS sensor and its utilization has been under research at the Space Systems Engineering (SSE) sec-
tion of TU Delft. As such, some preliminary calibration of the FGD-03F sensor chip [117] was carried out and
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the sensor was integrated into a FlatSat setup at ESA ESTEC [90]. Figure 2.17 shows the functional diagram
of the FGD-03F sensor module that can be used for space applications. Based on current developments,
this sensor could be incorporated into radiation measurement and monitoring instruments, as a part of
miniaturized platforms, in the manner described in section 2.3.

An abbreviated comparison of a select number of miniaturized radiation detection technologies is provided

in [122], with the resultant comparison table provided in section D.3. [70] presents a comprehensive review
of ionizing radiation sensor types based on semi-conductor technology.The FGDOS offers a desirable bal-
ance between radiation measurement capabilities and size, power and mass characteristics. The FGDOS
sensor can be operated on a low bias voltage and power consumption and it can even measure the TID
under zero bias in passive mode. The sensor has extremely low size and is much cheaper compared to
the Teledyne and Timepix detectors. In terms of performance, the sensor has much better resolution than
RADFETSs but lower than that of the Teledyne micro-dosimeter. The Timepix can measure LET directly and
be used to identify individual incident particles. The FGDOS sensor comes with built in read out and pro-
cessing circuitry and can be interfaces easily with an MCU. Hence, the readout complexity is much lower
than the other detectors. Moreover, each FGDOS module comes with built-in redundancy and temperature
monitoring.

2.3. Lunar Zebro Radiation Payload

Lunar Zebro is a lunar nano-rover being developed by a team of students at the TU Delft [124]. The project
was launched in 2017 as a space themed offshoot of the Zebro project under the aegis of the TU Delft
Robotics Institute [81].

Figure 2.18: Engineering Model Belka-1 [81]

2.3.1. Mission Objectives

The goal of the rst Lunar Zebro mission is to y a single Lunar Zebro rover to the moon and to demon-
strate its capabilities for one lunar day (14 Earth days) [68]. Hence, the rst mission is aimed at conducting
scienti ¢ observations (described later) and technology demonstration to prove the Lunar Zebro in its oper-
ational environment and to enable future missions where multiple rovers can be deployed to apply swarm
based exploration and operations.

Swarming and future exploration

The long term goal of the Lunar Zebro project is to cause a paradigm shift in robotic space exploration by
introducing a low cost, high robustness and low footprint approach. This is in contrast to the traditional
"Mini Cooper" sized lab-on-wheels rovers and exploration probes that usually take decades to develop and
result in 'astronomical’ mission costs. As a part of this vision, the Lunar Zebro team plans to build on the
rst lunar mission by launching multiple rovers that can work collaboratively and make use of the collective
intelligence of swarm robots to make rapid planetary exploration possible [137]. Collaborative human-
machine exploration is another possibility, wherein astronauts make use of Zebro swarms to enhance their
abilities while simultaneously protecting themselves from unknown hazards. Such capabilities have been
demonstrated on Earth by means of numerous analog missions [81].
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2.3.2. System Architecture

The Lunar Zebro is designed to be a highly miniaturized and modular lunar rover. In accordance with the
trends and philosophy of NewSpace, Lunar Zebro makes use of COTS components, in-house developed
modules, strategic industry collaborations and an iterative design and test approach to achieve an ambi-
tious mission with an innovative system built at low cost. The Lunar Zebro mission consists of a Space
Segment and a Ground Segment. The Space Segment consists of the Lunar Zebro rover that will be trans-
ported to the lunar surface.

Figure 2.19 shows the subsystems of the Lunar Zebro rover at a glance. A detailed description of these
subsystems can be found in [68].

Figure 2.19: Subsystems of the lunar rover [68]

2.3.3. Science Mission & Payload

Given its innovative design and capabilities, the Lunar Zebro is well equipped for conducting scienti ¢ in-
vestigations on the Moon and beyond. The scienti ¢ goal of the Lunar Zebro is to measure radiation in the
lunar environment [68]. Some early stage conceptual work was performed in this regard previously [52].
This served as the starting point for the present work, wherein the detailed design, implementation and,
veri cation and validation of the LZ scienti ¢ payload is presented.

The instrument referred to as the Radiation Payload of Lunar Zebro, would be used to perform in-situ mea-
surements of ionizing radiation on the lunar surface, with the added advantage of being housed on a mobile
platform instead of a stationary lander. Hence, a displaced set of measurements that can augment previ-
ously performed observations on the lunar surface [159] can be provided by the proposed Lunar Zebro
Payload. Since the landing window of the Lunar Zebro is estimated to be during the mid-2020s, it would
also provide measurements during a different phase of the solar cycle, as opposed to previous instruments
like RADOM [32] and LND [154] which were active during the solar minimum phase.

Figure 2.20: Potential location of the Radiation Payload in the Lunar Zebro rover [53]

Due to complex scattering effects and generation of secondary radiation, it may be bene cial to have the
radiation sensing spatially distributed over the rover, rather than having a single point of measurement.
Hence, multiple radiation sensors may add to the value of the measurements and the overall scienti c in-
vestigation.

Observation of the solar energetic particles and any SPE events during the operational phase of the mission
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could be used for additional data points to test and validate models of the heliosphere and how solar wind
and SEPs propagate through it [61]. Similarly, observations of the protons and heavy ions in GCRs could
yield additional data points for model validation and lead to the formulation of better guidelines and rules

of thumb for engineering miniaturized embedded systems for lunar and space applications.

The Lunar Zebro rover with the Radiation Payload on it can be thought of as a novel laboratory for mea-
suring radiation on the Moon and for observing its effects on subsystems which are made up of mostly
COTS electronic devices. It could represent a agship effort that probes the edges of current knowledge and
enables the use of decentralized expeditions consisting of multiple miniaturized robots in the future, for
the exploration of planetary surfaces. The Radiation Payload could also have long term applications when
it comes to the vision of the Lunar Zebro Project. Large swarms of autonomous robots, while robust as a
whole, could be individually susceptible to the adverse effects of the space environment. A prime concern
could be the degeneration and damage of on-board electronics of the rovers due to the effects of space radi-
ation. Both cumulative effects in the long term (such as TID) and sporadic, random radiation effects in the
short term (such as SEESs) could lead to consequences which affect the performance of individual rovers as
well as the swarm(s). Hence, it becomes apparent that a better understanding of the radiation environment
over appreciably long spans of time is required to guarantee effective operations of such rover swarms. More
importantly, it would advance human lunar exploration owing to the considerable challenges and hazards
posed to biological organisms by the radiation environment, especially for sustaining long-term missions.
Such advancements in understanding of the space environment and its effects and implications for space
systems (the Lunar Zebro rover in particular) would take us closer to unprecedented exploration of the
Moon via this technology.

2.4. Research Objectives & Questions

Space radiation has been identi ed as one of the main hurdles in the path to bigger and bolder space ight
endeavors [39]. Space systems can be exposed to high energy radiation from a combination of sources. The
complicated nature of space radiation makes it dif cult to predict its impact and to protect against it. Mon-
itoring and characterization of radiation from different sources is extremely important to understand the
radiation environment and to make accurate predictions and risk assessments for future spacecrafts, space
systems and astronauts [105]. Radiation environments for a given mission can vary based on the mission
pro le and spacecraft con guration. As a consequence, it becomes essential to measure the radiation con-
ditions for each mission [14]. Lunar and interplanetary missions entail exposure to radiation from the sun

in the form of SEPs, from trapped particles in the Van Allen Belts (during transit from Earth to Moon orbit)
and from the ever present cosmic rays [158]. The incident radiation intensity, particle types, dose rates and
energy levels change continuously over different phases of a lunar mission as the spacecraft makes its way
from LEO to the lunar surface via cis-lunar space.

Direct measurements of the space radiation environment result in lower uncertainty about its characteris-
tics and probable effects on space systems, as opposed to purely theoretical modelling and computational
studies. Despite the notion that it is more expensive to build, test and y space instruments, it is an essen-
tial practice for various missions since it enables the development of accurate theoretical models and tools
used for simulations and predictions of the space environment for future missions. Direct, in-situ mea-
surements also enable the reduction of uncertainties caused by gaps in knowledge and explicit or implicit
assumptions that the models are built on. Hence, real world data from instruments is essential for the pur-
pose of validation of models as well as de nition of their scope so that their applications may be extended
in the future.

A plethora of instruments have been employed to measure ionizing radiation in space. Most of these instru-
ments have operated on-board satellites in Earth orbit and on the ISS [14]. The amount of data that exist
for the radiation elds in interplanetary space [158] and on other planetary bodies is comparatively low. To
date, ionizing radiation levels have been measured on the Lunar and Martian surface only once [159], [61].
The radiation environment for lunar missions assumes extreme importance as multiple robotic and crewed
missions are planned in the near future [128]. This fact highlights the need for more in-situ measurements.
With the rise of miniaturization in space technology and space vehicles, radiation measurements could pos-
sibly be carried out on nano-satellites or nano-rover platforms in an effective manner that involves relatively
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low resources and development time. The use of these platforms necessitates compact radiation detectors
that can provide active measurements while operating on meagre resources and tight technical budgets.
The FGDOS [51], developed for space and particle physics applications may be suitable in this context as it
has already been demonstrated on a lunar yby mission [27].

The Lunar Zebro mission [81] presents an unparalleled opportunity to perform in-situ radiation measure-
ments on the Moon and during transit to the Moon. Never before has radiation data been collected by a
mobile platform on the Moon. It is envisaged that a compact, low cost instrument with relatively low power
consumption could be created to achieve this objective [52]. Beyond the rst Lunar Zebro mission, the
proposed instrument could have far reaching applications in radiation monitoring for scienti c as well as
operational needs.

On the basis of the need to characterize the lunar radiation environment and the possibility of utilizing the
FGDOS sensor in conjunction with the the Lunar Zebro rover, the main research question can be posed as:

How can the lunar radiation environment be characterized using a miniaturized, low cost instrument
that can be operated on board a lunar nano-rover platform such as the Lunar Zebro ?

This main question is decomposed into the following sub-questions such that the research work can be
broken down into a tangible set of research activities:

1. What should the characteristics and architecture of the instrument be?
* How can the FGDOS sensor be incorporated into the instrument?
» How should the instrument be incorporated into the nano-rover?

The rst sub-question deals with the conceptualization, systems engineering, design and implemen-
tation of the proposed radiation instrument. Furthermore, the incorporation of the instrument into
the nano-rover is a point of interest.

2. Can the instrument, integrated on the nano-rover platform, enable radiation measurement in the in-
uence or vicinity of lunar landscape features such as lava tubes, craters and the lunar regolith ?

The lunar landscape is rich with features which are interesting to explore due to their potential utiliza-
tion for shelter, protection or resources. High energy radiation incident on the moon can be changed
and modulated upon interaction with these landscape features. The detection of these altered radia-
tion species may lead to interesting ndings about the moon as well as its radiation environment.

3. How can it be used to measure the radiation environment during various phases of the mission ?
» How should the instrument be con gured and operated?

It may be possible for the instrument to operate and acquire scienti ¢ data during various phases on
the Lunar Zebro mission. As such, how the instrument can be utilized and controlled, and what value
it can provide scienti cally becomes a relevant aspect for this research.

4. How can such an instrument be used to characterize the effectiveness of shielding of the nano-rover

platform?

Assuming that the instrument can be integrated into the rover, the radiation it will detect will likely be
modulated due to the shielding provided by the rover's structure and subsystems. Thus estimating the
effects of this shielding would appear to be an important part of analyzing the instrument's response.



3 Radiation Payload Design & Development

This chapter describes the design and development of the Lunar Zebro Radiation Payload with the appli-
cation of systems engineering. The V Model of systems engineering was followed throughout the course of
this research project. The activities involved in the Front End Systems Engineering of the Radiation Payload
are described in the rst section. This is followed by the detailed design and implementation of the Ra-
diation Payload Subsystem. Finally, the Manufacturing, Assembly and Integration activities are described
at the end of the chapter. While the process is laid out sequentially in this report, in reality, concurrent
engineering practices were used to ensure coherent development on multiple fronts.

3.1. Radiation Payload Systems Engineering

The discipline of systems engineering enables the development and execution of complex space systems
and realization of space missions. In order to ensure that projects are realized within constraints of time,
performance, and cost, a systematic approach needs to be followed. This is especially true in light of the
volatile, unpredictable, complex and ambiguous (VUCA) nature of technological endeavors in the modern
world [40]. The literature study described in the previous chapter led to the selection of payload design and
development as one of the major objectives of this thesis project. Naturally, the realization of this goal can
be achieved through the application of space systems engineering in a rigorous way. The following sections
expound on this process.

3.1.1. Need & Mission Statement

First and foremost, it is important to identify the problem that is to be solved and the need that is to be
ful lled by the system 1. This is done by means of drafting a ‘Need Statement. The 'Need Statement for the
Radiation Payload is formulated as follows:

Space systems need to be protected against ionizing radiation in space in order to enable commercial, tech-
nological, scienti ¢ and exploration space ight activities on the Moon in a safe, sustainable and effective
manner. Radiation monitoring instruments are usually large, bulky and consume high amounts of resources
such as power and data. They also require long development times.

The space radiation environment for lunar missions needs to be thoroughly understood and characterized in
an economical manner.

The Mission statement stated below supplies how the 'need' will be met with the help of the Radiation
Payload and Science Mission objectives of the Lunar Zebro:

The Radiation Payload of Lunar Zebro will enable unprecedented measurement and characterization of the
lunar radiation environment with minimal impact on size, weight, power, cost and development time, by
taking advantage of miniaturization and COTS technology.

3.1.2. Science Mission Objectives & De nition
The Science Mission of Lunar Zebro will involve the measurement of ionizing radiation on the Moon, using
the Radiation Payload. The Mission Objectives for the Science Mission are presented as follows:

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

2. To enable characterization of the radiation environment for lunar missions at various locations from
Earth orbit to the lunar surface

3. To characterize effectiveness of shielding provided by the structure of the Lunar Zebro rover to its
internal subsystems and components

While the mission pro le and selection of launch provider for Lunar Zebro has not been nalized yet, a

IHereafter, the Radiation Payload is referred to as a sub-system of the Lunar Zebro rover
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baseline mission de nition was developed. This was based on some general assumptions and the best esti-
mates of the mission plan available at the time of writing. The details which were assumed for each phase
of the mission are tabulated in Table 3.1. The table provides a brief description of each phase, in addition to

the relevance of the phase for the Science Mission and consequently the Radiation Payload. The transition
event between phases and the duration of each phase is also mentioned.

Phase Description Details Payload Relevance Transition o next
phase
Pre- Final integration of rover Launch duration: Payloaq and  rover !_au_nch, Orbl.t _|n-
Launch into launch vehicle <1 day most likely powered | jection and raising
off at L+4 days [67]
. Orbit characteris- Qrb|tal radiation en- Trans-lunar in-
Low Earth Orbit opera- - o vironment, Payload | . .
Earth tions (LEOP), checkout tics: Duration: »4 checkout and com- jection: L+8 days
Orbit ' days with 20 rads/- O >320 km altitude
of all lander payloads day of exposure [3] missioning, passage [67]
yorexp through VAB
Orbit char: 5-
Cis-lunar TLI  burn, passage | 6 days up to 2 | Interplanetary radi- Lunar Orbit injec-
Transit through the VABs and | months [67]with1 | ation environment; tion : L+14 days
transit to the Moon rad /day exposure | GCR observation 6000 km apolune
(8]
Lunar orbit operations of 6000 km X 100 km
Lunar lander pa Iogds check- t0 100 X 100 km » 6 | Lunar orbit radiation Descent & Land-
Orbit P y ’ days L+14 days Up | environment ing: L+20 days
outs, landing burn
to 2 months [67]
Landing on lunar soil, 12-14 Earth days o
deployment of Lunar Ze- . Surface radiation lev-
+ lunar night Total :
Lunar bro rover, rover surface . els and inuence of e
. TID: 10 krad with End of mission
Surface operations for about 1 lu- . lunar landscape, lava
. 2mm Al shielding
nar day, rover hiberna- tubes, albedo etc.
. . [67]
tion before lunar night

Table 3.1: Mission De nition for the Lunar Zebro Science Mission

The entire mission can be decomposed into the following phases:

1. Pre-Launch : The mission will begin with a pre-launch phase which consists of the nal integration
of the rover into the lunar lander and launch vehicle. After said integration, the rover (including the
Radiation Payload) will be subjected to a routine of functional tests and checkouts to ensure proper
functioning of the rover and its subsystems as well as successful electrical and data interfacing with
the lander, by means of an umbilical connection from the lander to the rover [68].

2. Earth Orbit : Following the launch, it is expected that the lander (including the integrated rover), will

spend some time in Earth orbit whereby checkouts of all lander payloads

2 will be performed. During

this phase, it is estimated that the Radiation Payload can be commissioned and its Scienti ¢ Mission
can begin with measurements of the radiation environment in LEO. This phase will terminate with
the execution of a trans-lunar injection burn.
3. Cis-lunar Transit : In transit to the Moon, it is expected that the rover will still receive power from
the lander through the aforementioned umbilical connection. Hence, the Radiation Payload can con-
tinue operating during the transit phase. In this period, the most interesting measurements are ex-
pected during the passage of the spacecraft through the Van Allen Belts (VABs). As discussed in chap-
ter 4, a signi cant portion of the radiation exposure will be incurred during the passage through the
inner and outer VAB, followed by a relatively quiescent period of sampling the interplanetary radi-
ation environment. This phase will end with the injection of the spacecraft into an elliptical lunar

2The term payload in this instance refers to the Lunar Zebro rover and other spacecrafts manifested on the lander
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orbit.

4. Lunar Orbit : Lunar orbit injection will be followed by multiple burns intended to lower and circular-
ize the orbit. At this stage, some lander payloads which are focused on orbital operations will start
to function. The Lunar Zebro rover will again be subjected to checkouts to ensure the health of the
system before landing and subsequent deployment. The Radiation Payload can continue operating as
it did during the transit phase, although it is expected that the dose rate would go down as the lander
gets closer and closer to the Moon, due to the obstruction posed to GCRs by the Moon itself.

5. Lunar Surface Operations : Once the lander has safely settled on the lunar surface, checkouts and
functional tests will be performed again, before the rover is deployed on the lunar surface and be-
comes an independent spacecraft. It is expected that this phase will begin in conjunction with the
onset of the lunar day. This marks the start of the most important part of the Science Mission, which
is the measurement of ionizing radiation on the lunar surface. As the rover traverses the landing site
and its vicinity, the Radiation Payload will operate nominally and acquire data for downlink to the the
Ground Segment. The payload will continue to make time resolved dose measurements as the rover
performs various mission objectives and technology demonstration related tasks.

The assumed mission de nition was based off of the payload user guides from ispace [67] and Astrobotic
[8], two of the leading commercial lunar lander companies at the time of writing. Accordingly, a represen-
tative mission plan from the perspective of the launch provider is depicted in Figure 3.1.

Figure 3.1: Indicative lunar mission plan ([67])

3.1.3. Stakeholders

Before going deeper into the design process, it is important to recognize and establish the stakeholders for
the Science Mission and the Radiation Payload. A list of stakeholders was compiled, which is presented in
Table 3.2. The stakeholders were also classi ed into active, passive or customer categories, based on the
nature of their involvement in the Radiation Payload and Science Mission.
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Group:
Stakeholder ACtIV.e/ Rationale/ Motivation
Passive/
Customer
The primary investigator for the science mission and of re-
Principal Investiga- A search activities for space radiation monitoring with the FG-
tor (PI) DOS will be actively involved in payload development, testing
& operations
Lunar Zebro A/C Developer o.f the nano-rover pIathrm. Close cqllaborator on
payload design, development, testing and operations
Researchers from this department (especially the Space Sys-
Space Engineering, A tems Engineering section) will actively contribute to the devel-
TU Delft opment and interact with the payload once it is operational. It
also supports the Lunar Zebro project
TU Delft Space In- A The institute supports and facilitates the Lunar Zebro project
stitute and its activities
Will shoulder the development of the payload at the univer-
sity's faculties by providing necessary staff and resources. As
TU Delft A a state university it will facilitate the research and make the re-
sults available for the general public. It is also responsible for
the students and researchers associated with the project
Will learn about new technologies, gain valuable expertise and
TU Delft students A know-how in a vast range of engineering disciplines by virtue
of theri involvement in payload design & development
Will actively determine the environmental conditions which
Launch Provider & A need to be sustained by the payload. Will also in uence the
Vehicles mission de nition, ConOps and other operational and design
considerations
Ground Station A Actively involved in engbling communication and control of
the rover and payload via telecommands and telemetry.
Testing and re- P Their facilities and equipment will in uence the veri cation
search facilities and validation of the payload at various levels of integration
Space scientists, engineers ,researchers, PhD students and sub-
Space scientists and P ject matter experts around the world will be highly interested in
engineers the data gathered by the mission as well as results from analysis
of the measured radiation
InterngUonaI space These agencies will make use of the mission's ndings and data
agencies, research o -
institutes and the | P to create better space. radlatllon models, to make prgdmuons
. and to supplement their services. Data from the mission may
commercial space . .
. be used in the design of future space systems
industry

Table 3.2: Stakeholders in the Lunar Zebro Science Mission

Stakeholders requirements were identi ed in order to inform and guide the setup and design of the Ra-
diation Payload subsystem and its architecture. The stakeholder requirements are presented in Table 3.3.
It is assumed that these stakeholder requirements will in uence and guide decisions which are made for
the Radiation Payload subsystem in the future, from design to testing as well as during the operational and
post-mission phases.
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Table 3.3: Stakeholder Requirements

Priority:
. Essential /
Label Content Capability/Char Condition-
al/ Optional

The payload shall have a development cost

RADPAY-SH-1.1 within the nancial resources of SSE and Lu- Char E
nar Zebro

RADPAY-SH-1.2 The payload shall be composed of COTS Char £
parts

RADPAY-SH-1.3 The payload shall be easy to manufacture Char c
and assemble
The payload shall have a development time-

RADPAY-SH-1.4 line which ts within the timeline of the Lu- Char C
nar Zebro project

RADPAY-SH-1.5 The payload shall have low power consump- Char £
tion lower than 1 W

RADPAY-SH-1.6 The payload shall have size lower than 50 x Char £
50 x 50 mm

RADPAY-SH-1.7 'grhe payload shall have mass lower than 100 Char £

RADPAY-SH-1.8 Th_e payload shall u_se_ a solid state detector Char o
chip to measure radiation

RADPAY-SH-1.9 The payload shall be radiation tolerant Char
The operating temperature range of the pay-

RADPAY-SH-1.10 | load shall be adequate for interplanetary Cap (0]
missions

RADPAY-SH-1 11 The payload shall be able to operate in vac- Char E
uum

RADPAY-SH-1.12 The payload shall be able to operate on the Char £
Moon

RADPAY-SH-1.13 T_he pay_loa_ld shall_be able to survive the mis- Char £
sion radiation environment

RADPAY-SH-1.14 The payload shal.l bg able to withstand Char £
launch loads and vibrations

RADPAY-SH-1.15 The payload shall operate on the Lunar Ze- Cap £
bro nano-rover

RADPAY-SH-1.16 The payload shall be easy to integrate into Char £
the Lunar Zebro

RADPAY-SH-1.17 The payload shall be able to measure radia- Cap £
tion dose rates on the moon
The payload shall be able to measure radi-

RADPAY-SH-1.18 | ation dose rates during various phases of a | Cap C
typical lunar mission
Th I hall h ini ia-

RADPAY-SH-1.19 - e payload shall have a minimum radia Cap c
tion dose measurement range of 100 Gy

RADPAY-SH-1.20 Raw radiation sensor data shall be down- Char c
linked from the payload

RADPAY-SH-1 21 The payload shall provide educational value Char c

to TU Delft students
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Table 3.3 continued from previous page

Priority:
Essential /
Condition-
al/ Optional

Label Content Capability/Char

Payload data shall enable re nement and
RADPAY-SH-1.22 | improvement of space radiation environ- Cap C
ment models

3.1.4. System Requirements

Upon careful study of the mission de nition of Lunar Zebro, the stakeholders, the mission objectives and
the previous work that was done on the payload subsystem [53], a set of technical system requirements
was drafted. These were intended to guide the de nition and design of the Payload Subsystem. These
requirements are shown in the Veri cation Control Matrix shown in Table 3.4, along with the proposed
method of veri cation, requirement rationale and 1D label of each requirement. The label is structured
according to the convention: RADPAY - [REQ TYPE] - [ITERATION].[REQ NUMBER] . The requirements
presented in Table 3.4 represents the rst version of consistent and coherent requirements for the Radiation
Payload subsystem. These can be iterated and edited in the future as the project progresses, keeping in mind
appropriate requirements control practices [150]. The requirement status provided in Table 3.4 is based on
the latest developments at the time of writing 3.

The system requirements are divided into 6 main categories:

» Functional

» Design

» Performance

* Interface

* Reliability, Availability, Maintainability & Safety (RAMS)
» Operational

According to the ECSS standards [41, 42], the method of veri cation for each requirement was also deter-
mined. The veri cation method is chosen from among the following:

» Review of Design
* Analysis

* Inspection

* Test

3An asterisk next to the status signi es that the requirement is only partially veri ed and further work is required for complete
veri cation



REQ type

RADPAY-

Table 3.4: Radiation Payload System Requirements

Requirement

The payload shall be able to measure ioniz-

Rationale

Science ob-

Veri cation

Method
(A/T/RI)

Status
(Veri-

ed/Un-
veri ed)

Comments

1.2

[70] kHz/Gy

Functional . T - R,A \%
uncti FUNC-1.1 ing radiation on the lunar surface jective
RADPAY- The payload shall be capable of making time .
FUNC-1.2 resolved radiation measurements capability R v
RADPAY- T.he pay!ogd shall be capable of making pas- -
sive radiation measurements when unpow- capability R Y
FUNC-1.3
ered
issi i +
RADPAY- The payload shall have a minimum opera- operational 14 (rmsgon durat'|on)
FUNC-1.4 tional life of [140] days life R v transittime +margin [67]
' y =4 months + 12 days
. RADPAY-DES- | The payload shall have a mass of less than | mass con-
Design bay v . I \% From Phase B doc [53]
1.1 [50] g straint
RADPAY-DES- | The payload shall occupy no more than [50 | geometric RI v Footprintis 42 x 42 mm
1.2 x 50 x 9 mm] of space inside the rover constraint ' spacer height is 9 mm
RADPAY-DES- | The payload shall occupy no more than [42 geometric R Vv
1.3 x 42 x 10 mm] of space outside the rover constraint '
RADPAY-DES- | The payload shall have a power consump- power con- T Vv
1.4 tion less than [300] mW straint
RADPAY-DES- | The payload shall be composed of COTS | development RI Vv
15 components philosophy '
. lectrical
RADPAY-DES- | The payload shall have a single common eec_ rica .
. design in- | R Y
1.6 electrical ground |
tegrity
RADPAY-PERF- | The payload shall be able to measure TID up Based on mission envi-
Performance Range A \% .
1.1 to [120] Gy ronment analysis
RADPAY-PERF- | The payload shall have a sensitivity of [5] - Sensitivity T Vv
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RADPAY-PERF-

Table 3.4 continued from previous page

Requirement

The payload shall have a dose resolution of

Rationale

Veri cation
Method
(AITIRN)

Status
(\Veri-
ed/Un-
veri ed)

Comments

Based on mission en-

13 [0.5] mGy AT U V|.ronr.nent analysis and
historical data
- Contemporary  instru-
RADPAY-PERF- | Th load shall h d
12 measurement acewacy of 20v] | Ay | A U |mens hawe 1530 5
. 0
y accuracy [87, 159, 32]
To enable
. measure- To be triggered during
RADPAY-PERF- | The payload detector shall have a passive .
ments with- | | \% power shortage or safe
1.4 TID measurement mode
out power mode
supply
RADPAY-PERF- The payload §h§1|| bg able to acquwe mea- Measurement
15 surements within windows ranging from window I
' [TBD-TBD] s in duration
1.2 Mb based on sam-
RADPAY-PERF- | The payload shall have an on-board data | temporary RA Vv pling rate of once per
1.6 storage of [2] Mb data storage ' minute and max storage
interval of 1 day
. djust t
RADPAY-PERF- | The payload shall have multiple dose mea- ;Jusv:reinn R Vv
1.7 surement sensitivity options ying
dose rates
adjustment
. t i
RADPAY-PERF- | The payload shall have an adjustable sam- 0 varying
18 ling rate dose rates | R Y
' ping and link
budgets
RADPAY-PERF- | The payload's radiation sensor(s) shall be | detector cal- T U
1.9 characterized before ight ibration
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. Status
Veri cation (Veri-
REQ type Requirement Rationale Method Comments
(ATIRN) ed/Un-
veri ed)
. rover data
RADPAY-INT- The payload shall be gble to commum_cate interface
Interface with the rover OBC using an RS-485 inter- . R, T V*
1.1 speci ca-
face based data bus .
tion
RADPAY-INT- The payload shall be able to communicate contingency RT V*
1.2 with the rover's PPU over its data bus function '
| It-
RADPAY-INT- The payload shall be able to operate on a supply: volt
1.3 supply voltage of 5V age from | R v
' rover
RADPAY-INT- The payload shall interface with the rover cabling R Vv
1.4 Motherboard using a single cable harness reduction
RADPAY-INT- The payload connector(s) shall be fool- R Vv
15 proof '
RADPAY-INT- The payload shall be able to be switched RT U
1.6 ON/OFF by the Motherboard '
OBC
RADPAY-INT- The payload system shall be supported by a rover .
. L . S/W archi- | R V*
1.7 driver application running on the OBC
tecture
RADPAY-INT- The payload power consumption shall be RT Vv 1V monitor on MOM
1.8 measurable
RADPAY-INT- The payload shall be able to send its teleme-
R, T U
1.9 try to the rover OBC
RADPAY-INT- The payload shall have a maximum data R Y max Motherboard
1.10 transfer rate of [1] Mb/s over the data bus transceiver data rate
Based on SPENVIS anal-
RAMS RADPAY- The payload shall be able to withstand TID AT v+ ysis; typical recommen-
RAMS-1.1 up to [200] Gy in operation ' dation is 10 krad behind
2mm shielding [67]
RADPAY- The payload shall not include pressure ves- R Vv
RAMS-1.2 sels or pyrotechnics '
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Table 3.4 continued from previous page

Requirement

Rationale

Veri cation
Method
(AITIRN)

Status
(\Veri-
ed/Un-
veri ed)

Comments

RADPAY- The payload shall be able to survive the | structural AT U Refer to Global require-
RAMS-1.3 launch loads experienced by the rover loads ' ment on rover
. operational
RADPAY- The payload shall be able to operate in a vac- eEviron- AT v
RAMS-1.4 uum '
ment
RADPAY- The payload shall release CVCM less than T U based on global rover re-
RAMS-1.5 [TBD] quirement
. lobal i t
RADPAY- The payload shall have an operational tem- AT U g: d a trr?;/rer;:qu!r?;e;s
RAMS-1.6 perature range of [TBD] to [TBD] ' TBD y
to be based I h
RADPAY- The payload shall have a storage tempera- AT U Orovi?jerasreeco?:m:::j];
RAMS-1.7 ture range of [TBD] to [TBD] ' p
tions
. radiation .
RADPAY- The payload shall be protected against tolerance & | RT v+ Latchup protection on
RAMS-1.8 latch-ups . ’ rover Motherboard
protection
RADPAY-
RAMS-1.9 The payload rmware shall be fault tolerant R, T U
RADPAY- .
RAMS-1.10 The payload shall be resistant to SEUs R, T U
RADPAY- The payload shall have redundancy in radi- RT Vv
RAMS-1.11 ation measurement '
Lunar dust
is electro-
. . taticall
RADPAY- The payload shall be protected against di- (s:haalrcae dyan dlrT U
RAMS-1.12 rect exposure from lunar dust 9 '

can cause

electrical
issues
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Table 3.4 continued from previous page

Requirement

Rationale

Veri cation
Method
(AITIRN)

Status
(\Veri-
ed/Un-
veri ed)

Comments

. RADPAY-OP- The payload telemetry shall include data
Operational L R, V*
1.1 about measured radiation and temperature
RADPAY-OP- Radiation sensor data shall undergo mini- necessity of
. . . R U
1.2 mal processing before being downlinked raw data
RADPAY-OP- Payload data shall be periodically backed up
R U
1.3 onboard the rover's data storage
RADPAY-OP- The payloaq shall be able to conduct mea-
14 surements independent of the rover's loca- R \%
' tion in space

Buuaauibug swaisAs peojled uoneipey "T'S

LE




3.1. Radiation Payload Systems Engineering

3.1.5. Functional Breakdown

The formation of high level system requirements and objectives leads to the de nition of the functionality
that the Radiation Payload subsystem needs to possess. Hence, the functions that need to be performed
by the payload were identi ed explicitly such that the objective of the payload can be broken down into
smaller, more manageable functions that can be translated to engineering problems / work packages and
solved in a systematic manner. This is captured in the form of a high level functional breakdown (FBD), as
seenin Figure 3.2.

Figure 3.2: Radiation Payload Functional Breakdown

The FBD has six main branches into which the functions are divided ~ *:

A: Mission Observation / Science
B: Mechanical

C: Electrical

D: Command & Data Handling

E: Communication

F: Housekeeping & Maintenance

While the functions are intended to be mutually exclusive individually and exhaustive collectively, this is an
ideal notion and some deviations from this can be observed in the FBD.

3.1.6. Functional Flow

A functional ow diagram (FFD), which is shown in Figure 3.3, was created to visualize the operation of
various functions of the payload and to see the ow of physical quantities through the payload subsystem
and across its interfaces with the rover and nally to the ground segment.

4the functions are numbered according to the branch and the order in which they appear in the FBD from top to bottom. Eg:
'Readout Radiation Sensor' will be identi ed as Function D.4.1



Figure 3.3: Radiation Payload Functional Flow Diagram
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From top left to bottom right, the diagram shows how incident ionizing radiation is detected, measured, en-
coded, recorded and communicated by the constituents of the payload subsystem and the rover. On passing
through the ground segment, the nal product of importance is the payload data received by the scienti ¢
investigators and the operations team. It also shows the functional boundary (red box) and interface of the
subsystem with the rover (blue) and the ground segment (green).

3.1.7. Payload Subsystem Architecture

A high level system architecture for the Radiation Payload was developed, taking the existing system archi-
tecture of the Lunar Zebro rover into consideration. This architecture is visually represented in the form of
a block diagram in Figure 3.4.

Figure 3.4: Radiation Payload System Architecture

In the literature study conducted in preparation for this thesis (chapter 2), it was concluded that the Floating
gate MOSFET based radiation sensor developed by Sealicon (formerly ic-Malaga) - FGDOS, can be realisti-
cally implemented within the constraints of a nano-rover platform, while offering a desirable combination

of characteristics when compared with similar miniaturized radiation detectors [122]. Hence, the FGDOS
System on a Chip (SoC) [117] was chosen as the core detector of the Radiation Payload and the rest of the
system architecture was built up around it, whilst keeping the constraints and interfaces with the nano-
rover in consideration.
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It was previously proposed that another identical radiation sensing module could be own outside the rover
chassis in order to extend the scienti ¢ return of the Radiation Payload [53]. In the current system archi-
tecture, this idea was developed further and materialized into what is called the ~ 'Radiation Payload Daugh-
terboard'. This is envisioned as an auxiliary circuit board to be mounted outside the chassis of the rover,
such that it experiences comparatively lower radiation shielding compared to the main unit of the Radia-
tion Payload which will be housed within the rover. This main unitis referred to as the - 'Radiation Payload
MAIN'. Hence, the Radiation Payload would be physically distributed into two parts - a Main Board housed
within the rover, mounted in a stack of PCBs, as well as a Daughterboard that would be mounted external

to the chassis, providing an extra set of measurements that re ect (mostly) unshielded exposure to ionizing
radiation.

3.1.8. Interfaces

The Radiation Payload has interfaces within the subsystem between various functions/components as well
as external interfaces with the rover. It was important to de ne these interfaces early in the design process
in order to simplify implementation, integration and testing down the line.

The interfaces within the boundaries of the payload subsystem are shown in the form of an N2 chart in
Table 3.5. The interfaces of the payload subsystem with the rover are captured by N2 chart in Table 3.6. This
is meant to contextualize the interfaces of the Radiation Payload w.r.t the other subsystems in the rover and
not as an exhaustive summary of all interfaces of the rover system. Hence, only payload relevant interfaces
have been captured in Table 3.6. This chart represents the interfaces within the space segment of the Lunar
Zebro mission. Inputs to a given unit are arranged in the vertical direction and its outputs are arranged in
the horizontal direction.

Within the payload subsystem, the microcontroller unit (MCU) controls the radiation detector and receives
data from it over SPI signals that are translated between 3V and 5V by the use of level shifters. The payload
data can be stored in the onboard memory and/or transmitted to the rovers Command and Data Handling
Subsystem (CDHS) through an RS485 transceiver and via the payload to motherboard connector physically.
This connector also supplies a regulated 5V supply , which is converted to 3V by a voltage regulator accord-
ing to the demands of some constituent elements of the payload. An external watchdog can reset the MCU
if it fails to send a regular "heartbeat signal" to the watchdog, in case of a fault or an error.

From a holistic viewpoint, the Radiation Payload has interfaces with various rover subsystems such as the
CDHS, Electrical Power Subsystem (EPS), Communications Subsystem (COMMS), Power Processing Unit
(PPU) and Structural Subsystem (STR). The structure of the rover will transmit heat and mechanical loads to
the payload boards. The electrical power subsystem provides the payload with a regulated 5V supply as well
as a GND return path and the power consumption is measured by the ~ PPU. The payload data will be sent
to the CDHS of the rover, whereby it will be included in the telemetry packet of the rover and downlinked

to the ground segment via the COMMS subsystem. In a symmetric manner, commands received from the
ground will be received by COMMS and relayed to the payload via the CDHS. Additionally, estimates of the
approximate location of the rover on the Moon, provided by the rover navigation subsystem, can be used
during payload data analysis to add a spatial component to radiation dose data. This is not a strict interface

as such.
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Table 3.5: N2 Chart: Payload subsystem internal interfaces
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Table 3.6: N2 Interface chart: Payload and rover subsystems
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3.1.9. Technical Budgets

As a part of the Payload development efforts, it was important to establish and track the technical budgets.
While various iterations of the payload need to be within constraints speci ed by system requirements at
the time of completion, it is also useful to track the trends seen in various budget related quantities and
resources during the development process itself. This would help steer the design process such that over-
consumption of resources or violation of constraints could be predicted in advance and be prevented there-
after. In addition to the constraints, a suf cient margin of about 20% was applied for the power, mass and
data budget to allow for uncertainties in estimation and to allow suf cient room for changes in the future.
The non-technical i.e. the nancial budget and expenditure on the Radiation Payload was also tracked and
can be found in Appendix D.

After completion of the rst version (V1) of the Radiation Payload design and upon preliminary functional
testing, it was found that the design satis ed the aforementioned constraints and that the technical budgets
could be closed.

Mass Budget
The constraint on the total mass of the Radiation Payload was speci ed to be 50 g [53].

. Worst
Nominal Case
# Component Qty g;ass (in Mass (in Comments
9)
1 Main PCB 1 10 10 \ol\gth components soldered
2 Payload MAIN Cable harness 1 2 5 Including connectors
3 | Daughterboard PCB 1 |5 10 X\:]'th components soldered
4 Daughterboard Interface Cable 1 5 10 Estimated
Harness
Total 35
Margin for miscellaneous
Margin (20%) 7 components such as fas-
teners, seals, spacers,
connectors
TOTAL 429 margin included

Table 3.7: Radiation Payload Mass Budget

As evidenced by Table 3.7, the version 1 design of the Radiation Payload lies within the speci ed mass con-
straints, with ample margin included.

Power Budget
The limit for the total power consumption of the Payload was set at 300 mW by the Lunar Zebro team [68].
Table 3.8 shows the current power budget for V1 of the Radiation Payload.
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Current Nomina| Total Max. Total
Supply con- power | | Power worst
# Component Qty | Volt- per . case | Comments
sump- . inal (wors
age tion unit power | case) POwel
(mw) (mw)
) 2mA @ Depends on clock
1 MCU: MSP430 1 3V 16MHz 6 6 speed
High  sensitivity
FGDOS sensor mod- 20 mode consump-
2 ule : FGD-03F 1 SV A4mA mwW 40 30 60 tion per sensor
[117]
RS485 transceiver:
3 MAX3078EESA+T 1 3V 1.5mA 4.5 9
On board memory :
4 CY15B104QN-50SXI 1 3V 2.6mA 7.8 7.8 4Mb FRAM
Level shifter:
5 MAX3001EEUP+ 2 5V/I3V | 50 uA 0.25 0.5
600 UuA
Low dropout regula- quies-
6 tor: LP2981-30DBVR ! Vv cent 3 3
current
External Watchdog
8 TPS3813I50DBYT 1 5V 9uA 0.045 | 0.045
Only the FGDOS
Daughterboard FG- will have a no-
9 DOS module 1 oV 40 ticeable power
consumption
Margin (20%) 21.27
127.62
TOTAL MW

Table 3.8: Radiation Payload Power Budget

Hence, based on the current estimates, the Radiation Payload will comfortably operate within the power

constraints posed by the rover.

Data Budget

The Lunar Zebro rover uses RS485 half-duplex connections for the data bus which can transfer data at
speeds up to 1 Mbps. The rover's data bus has 5 different branches which connect each subsystem to the
OBC or the PPU, or both. The data rate limitation is imposed by the RS485 (to UART) transceivers used on
the rover side, to translate the inverting and non-inverting signals to UART.

Table 3.9 shows the amount of data generated in comparison with the amount of memory storage available
for use by the Radiation Payload.

Memory location Memory Type | Available Memory | Comments

Uni ed Memory = Program + Data + Storage
Payload MCU FRAM 64KB Error Correction Coding (ECC)
Payload MCU SRAM 2KB Miscellaneous storage
Payload Onboard memory | FRAM 4Mb Temporary storage of payload data
Rover SD Cards TBC Amount of space allocated to Payload TBD
Rover FRAM TBC Amount of space allocated to Payload TBD
Rover OBC storage | TBC Amount of space allocated to Payload TBD

Table 3.9: Radiation Payload data storage
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Table 3.10 delineates the amount of data generated by the payload based on the size of payload telemetry
and sampling rate, with respect to the available bandwidth on the data bus of the rover. The amount of
data is based on the telemetry list presented in Table B.1 A higher margin is used in this case to allow for
the overhead in various message protocols, which may be used for communication between the rover's
subsystems. The sampling rate has been assumed to be very high in order to get a conservative estimate of
the required data rate.

Nominal Word Required
Description Data Type Sampling size data rate | Comments
Rate (bits) (bps)

Radiation + sensor 18 bytes of data per
FGDOS Data 1/60 Hz 576 9.6 FGDOS sensor; sam-
data .
pling rate TBD

Payload general | Payload status and Includes Housekeep-

data health \dem 56 0.93 ing data
Temporarily
Payload  onboard | oo\ Collection | TBD TBD TBD
memory dump
of full telemetry
Total 632 »11
Margin ( » 20%) 128 2
TOTAL 760 13

Table 3.10: Radiation Payload data budget

It should be noted that the data budget presented here does not take the overhead in the message protocol
for communication on the rover's data bus into account.

Financial Budget
A preliminary nancial budget was drafted for the design and development of the Radiation Payload and
can be found under Appendix D.

3.1.10. Risk Evaluation & Management

A qualitative risk assessment was performed to ensure that the Radiation Payload is developed to the desired
performance and functionality while staying within schedule, cost and technical constraints. Numerous
risks were identi ed and then categorized into the following types:

1. Technical Risk - type A
2. Schedule Risk - type B
3. Cost Risk - type C

4. Safety Risk -type D

These risks are listed in Table D.1. For each identi ed risk, potential causes and potential consequences
were identi ed in conjunction. The estimated probability of occurrence of each risk and its severity is de-
termined to make a simple estimate of the criticality of the risk according to Equation 3.1. The probability
and severity were judged qualitatively based on the guidelines provided in [76].

Risk Magnitude AProbability of Occurrence £ Severity (3.1)

According to the calculated magnitude, each risk is tabulated into the Risk Matrix shown in Figure D.3.
This allows for visual interpretation of the magnitude of each risk along the dimensions of probability of
occurrence (along vertical axis) and severity (along horizontal axis).
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Figure 3.5: Risk Matrix

For each catalogued risk, a mitigation measure is identi ed and brie y described in Table D.1. The risk
mitigation measures can be grouped into one or more of the strategies listed below [76].

1. Risk Removal

2. Risk Reduction
3. Risk Acceptance
4. Risk Transfer

Of the risks listed in the risk register and matrix, the highest priority risks, that require further monitoring
and special consideration, are listed below:

1. A13: The Daughterboard goes out of operating temperature range of the FGDOS and other electronics

2. B1: Electronic components are unavailable during production

3. Al7: Poor connections on PCBs

4. A18: Payload connector gets detached from the PCB in ight

5. B6: The payload Development Model (DM) is not produced in time to be assembled into Belka 2 i.e.
the second Engineering Model of LZ

Since risk management is a continuous and recurring process over the life cycle of a space mission, the risks
identi ed and evaluated in this section should be reevaluated and monitored in the future as the project
progresses, until launch, and also through the actual mission. As such, more risks which are relevant to
operations may be identi ed and added to the current risk register in Table D.1. The Mission risk and im-
plementation risks have not been separated at present. However these may be segregated in the future if it
is determined that risk management activities are made easier by such bifurcation.

3.1.11. Work Breakdown Structure
A Work Breakdown Structure (WBS) was prepared to organize the systems engineering process as well as
the design, research and development activities covered in this thesis. The WBS is shown in Figure 3.6.
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Figure 3.6: Radiation Payload Work Breakdown Structure. Blocks indicated in violet involve close collaboration with
the Lunar Zebro team

The work packages concerning the detailed design and implementation are further decomposed as shown
in Figure D.1. The work packages involving MAIT activities are broken down as shown in Figure D.2. The
breakdown for modelling and simulations has been presented in chapter 4.

3.2. Detailed Design & Implementation

Having stepped through the early decomposition phase of the V-Model, the detailed design and imple-
mentation of the Radiation Payload, along facets of mechanical, electronics and software engineering are
covered in this section.

3.2.1. Design Philosophy & Considerations

Before stepping into the detailed design and implementation of the Radiation Payload, it is important to
understand the design philosophy and various considerations which guided this process. These principles
are based on the general design principles of Lunar Zebro, on some NewSpace trends [50] and common best
practices which are seen in the development of miniaturized, low cost space systems such as CubeSats [145,
131]. As such, the following principles were followed:

1. The number of system requirements should be minimized and the requirements themselves should
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be re ned to make them speci ¢, measurable, achievable, realistic and traceable (SMART)  °.

2. The Radiation Payload is to be composed almost entirely of COTS components. This principle was ce-
mented in the form of a system requirement (RADPAY-DES-1.5) and is in accordance with the design
of other subsystems on the LZ rover [68].

3. The payload design should be focused on the functioning of the FGDOS detector, since it is directly
involved in making scienti ¢ observations.

4. The payload should be as independent and self-suf cient as possible in terms of its operations. It
should only rely on other rover subsystems for provision of power and sending payload data to the
ground segment while the rover is operating nominally. This would ensure that the Payload can keep
functioning as long as it receives power from the rover. In case problems occur with the rover's OBC
or PPU, radiation data can still be collected whilst the Ground segment engineers or rover software
troubleshoot these issues and payload operations will only be disrupted minimally.

5. The design of the payload should enable maximum utilization for scienti ¢ observations and hence
the design should prioritize scienti ¢ return.

6. The number of parts and components required for the payload should be minimized. The number of
cable harnesses, specialized mounting xtures and ttings should also be minimized. The parts used
should be interchangeable and foolproof, if possible.

7. Within bounds of usefulness, the Payload should share as many component types as possible with
other subsystems on the rover. This would ensure interchangeability of components in the event
of supply chain issues and shortages. Moreover, it would also ensure an abundance of functional
and radiation testing data for the shared components for purposes of radiation effects assessment
and hardness assurance. Lastly, the use of components on the payload which are used elsewhere on
the rover would simplify the design process and minimize the amount of effort required to include
the concerned components into the payload subsystem. Expertise and knowledge of the concerned
components would also be available in the LZ team, reinforcing this goal.

3.2.2. Mechanical Design

Figure 3.7: Placeholder Payload PCB position inside the rover chassis (highlighted in green)- front section view

Based on the system architecture, previous work and constraints posed by the rover platform, it became
apparent that the most suitable morphology and physical setup for the Radiation Payload is in the form
of one or more Printed Circuit Boards (PCBs). It was previously decided that the Radiation Payload would
consist of one PCB housed within the rover and stacked near the front of the rover, as shown in the front
section view of the rover's CAD model in Figure 3.7. The stacking is dependent on the mechanical inter-
face provided by the rover. To ease assembly, the interface was set up such that the stack would consist of
multiple PCBs with four M3 bolts going through the corners of each board in a square pattern. These bolts

Shttps://en.wikipedia.org/wiki/SMART _criteriattcite_note-Doran-1981-1
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are secured at the other end by virtue of being threaded into four columns in the rover chassis that contain
internal M3 threads. The position of the Radiation Payload PCB is the top most in this stack, while the other
PCBs belong to the COMMS subsystem. These PCBs are not displayed in Figure 3.7.

(a) View 1 (b) View 2

Figure 3.8: CAD model of Radiation Payload MAIN Board (without DF13 connector)

It was decided not to have a dedicated casing or housing for the Radiation Payload, due to two main factors:

» Ahousing would occupy extra space in the PCB stack, thus violating the geometrical constraints posed
by the rover. Even in the event that an extremely compact housing could be produced, it would shrink
the clearance between the Radiation Payload and the other rover subsystems to an imprudently low
amount. As seen in Figure 3.9, the interior of the rover is already compact and crowded with other
subsystems. This would complicate geometrical design iterations and modi cations in the future.

Figure 3.9: Placeholder Payload PCB position inside the rover chassis (highlighted in green) - side section view

A housing would add more radiation shielding, thereby attenuating the incoming ionizing radiation
particles and leading to the generation of secondary particles. In ight con guration, this would add
to the shielding that would already be provided by the chassis of the rover and its other subsystems.
Therefore, to simplify detection of radiation and modelling of the payload response (see section 4.3),
it is advisable to omit any additional barriers or shields surrounding the Radiation Payload.

In addition to this MAIN Payload PCB which is housed within the chassis of the rover, the Daughterboard
PCB would be mounted outside the chassis, underneath the deployable Solar Panel Plate (SPP) of the rover.
A visualization of the CAD model of the Daughterboard can be seen in Figure 3.10b, mounted to a custom
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xture. The Daughterboard needs to be protected from exposure to lunar dust, which can cause electro-
static discharge or other issues on for electronics [148]. In the absence of an enclosure, it is desirable to
achieve this protection with the use of conformal coating and/or potting on the Daughterboard. These
measures can also be applied for the chassis housed Main Board, but it is expected that the rover chassis
will protect all internal components against lunar dust particles. All ori ces in the body of the rover have
been designed with sealing and imperviousness to lunar dust in mind [68].

(a) MAIN Board (b) Daughterboard

Figure 3.10: CAD model of Radiation Payload prototype boards mounted on custom xtures

The Daughterboard PCB is to be bolted to the SPP using 2-4 metric fasteners. While this interface has not
been implemented in the Belka-2 model of Lunar Zebro, it will be incorporated into the next iteration of
the rover. The nature of this interface mainly depends on the expected thermal conditions on the Daugh-
terboard. For instance, if the Daughterboard is expected to get extremely hot or cold in comparison to the
SPP, a mechanical interface with appreciable thermal conductivity might help restore the temperature of
the board to desirable values. These thermal considerations will be discussed further in Figure 3.2.2.

(a) Daughterboard position (highlighted in blue) (b) Relative position of the Radiation Payload boards

Figure 3.11: Placeholder Daughterboard position under SPP

Thermal Considerations

Given the nature of the Lunar Zebro mission, one of the challenges that the rover and its subsystems face
is the extreme thermal environment. This factor is strongest at the lunar surface itself, where temperatures
can drop as low as 95 K in the lunar night and rise as high as 400 K in the Sun [152].



3.2. Detailed Design & Implementation 52

The Radiation Payload will be housed within the rover, which in turn will be housed within the lander during

the mission phases - Earth orbit, Transit, Lunar orbit and Landing. The thermal environment for these
phases can be derived from information provided by the "Payload User Guide" of a representative lander/
launch provider to the Moon. Astrobotic's payload user guide speci es the most extreme range of expected
temperatures to be about -120 °C to 100 °C in lunar orbit and -30 °C to 80 °C on the lunar surface [8].
Similarly, the payload temperature ranges for CubeRover, a miniaturized rover platform are stated to be -20
°C to 60 °C [7]. It must be noted that these values are not necessarily the temperatures that the Radiation
Payload would reach, given the complicated web of thermal interfaces and links existing within a compact
spacecraft such as the LZ rover.

The creation and execution of a detailed thermal model of the rover lies outside the scope of this thesis, but
a preliminary analysis of the current design and con guration was performed to identify potential thermal
risks. Detailed thermal modelling of the rover is being performed by the LZ team and will be used to draw
inferences about thermal conditions, and susceptibility of the Radiation Payload to these conditions [17].
The lunar surface operations phase is the most interesting from a thermal perspective, since the rover will
be housed within the lander before deployment. This phase can be split into two parts, lunar day and lunar
night. Since the rover is currently not expected to survive lunar night, it is assumed that the mission will
most likely be concluded once the rover goes into hibernation at the onset of lunar night.

The payload Main Board and Daughterboard will experience different thermal conditions since the Daugh-
terboard is to be mounted outside the chassis of the rover, implying that it will be exposed to space directly.
However, since the mounting location is chosen to be underneath the deployable solar panel, direct expo-
sure to the Sun will be avoided, serving as a moderating in uence on the local thermal environment for this
board. To uncover the exact thermal environment that will be experienced by the Radiation Payload during
the lunar mission, it was decided to have the Payload subsystem operate and actively send telemetry during
thermal vacuum tests of the Belka 2 rover (see subsection 5.7.3). Additionally, the temperatures measured
by the payload's FGDOS chips will be tallied against the temperatures measured by external temperature
probes placed on and in the vicinity of the Radiation Payload MAIN and Daughterboard modules.

Thermal constraints on the Payload's operations are primarily imposed by the operating temperature ranges
of the various electronic chips used on the PCBs. From the perspective of the science mission objectives, the
most important of these chips is the FGDOS itself, followed by the MCU. A simpli ed single node analysis
foran FGDOS chip exposed to vacuum in LEO has been provided in [90].

. Max allowable
Operating temper-
# | Component ature range (deg C) temperature range | Source
e | (egC)
1| PCB-FR4 NA -50-150 Glass transition temperature for 1IS400
2 | FGDOS -40 -85 -40-150 FGD-03F Datasheet [117]
3 | MCU -40-85 -40-125 MSP430FR5969 Datasheet [141]

Table 3.11: Thermal constraints for the Radiation Payload

From Table 3.11, itis clear that the microcontroller is the limiting factor that determines the allowable tem-
perature range which the payload can survive. Given that the operating temperature range is lower, it may
be prudent to turn off the payload or to use effective thermal control methods at (rover) system level to
sustain peak heating periods.

At rst glance, it may appear that more pronounced thermal extremes would be experienced by the FG-
DOS mounted on the Daughterboard PCB, albeit this needs to be veri ed by reliable thermal test data as
mentioned previously. Preliminary thermal multi-node analysis by the LZ team has shown that the internal

payload board i.e. the MAIN Board may attain higher temperature values than the Daughterboard due to
power dissipation of the rover's subsystems inside its tightly packed hull. It was revealed that the relative
temperature of the internal and external payload boards would be in uenced by the incidence angle of solar

ux as well as the strength of conductive coupling between the rover's C-shaped legs with the lunar surface.
Since the rover's solar panel is deployable, this would imply a change in Daughterboard temperature based






	Preface
	Summary
	List of Figures
	List of Tables
	List of Symbols & Acronyms
	Introduction
	Background
	Space Radiation Environment
	Space Radiation
	Lunar Radiation Environment
	Space Radiation Environment Modelling
	Space Radiation Transport

	Space Radiation Measurement
	Instruments for in-situ measurement of ionizing radiation
	Miniaturized Dosimeters for Space Applications

	Lunar Zebro Radiation Payload
	Mission Objectives
	System Architecture
	Science Mission & Payload

	Research Objectives & Questions

	Radiation Payload Design & Development
	Radiation Payload Systems Engineering
	Need & Mission Statement
	Science Mission Objectives & Definition
	Stakeholders
	System Requirements
	Functional Breakdown
	Functional Flow
	Payload Subsystem Architecture
	Interfaces
	Technical Budgets
	Risk Evaluation & Management
	Work Breakdown Structure

	Detailed Design & Implementation
	Design Philosophy & Considerations
	Mechanical Design
	Electronic Design
	Software Design
	Operational FFBD
	Telemetry & Telecommands

	Manufacturing, Assembly and Integration
	Production of breadboard models
	Development Model: MAIN Board Production
	Development Model: Daughterboard PCB Production
	Assembly into Belka 2
	Integration


	Radiation Environment Modelling & Transport Simulations
	Overview of Radiation Payload Science
	Radiation Environment Analysis & Modelling
	Mission Segments & Models
	SPENVIS & OLTARIS Analysis
	Assumptions and limitations
	Results & Discussion

	Radiation Transport Simulations using Geant4
	Simulation Methodology & Plan
	Radiation Payload MAIN Board in mono-energetic proton beam
	Payload MAIN and Daughterboard with Rover
	Payload MAIN Board with multi-spectral and multi-directional source
	Payload Boards and Rover with multi-spectral and multi-directional source 
	Rover on the Moon 
	Rover inside a Lunar Lava Tube
	Assumptions and limitations
	Conclusions & Recommendations


	Verification & Validation
	FGDOS Radiation Characterization & Performance Testing
	Test Setup
	Test Levels
	Methodology
	Observations
	Assumptions and limitations
	Results and Conclusions
	Open Questions

	FGDOS Temperature Characterization
	Test setup
	Test Levels
	Methodology
	Observations
	Limitations and assumptions
	Results & Conclusions

	FGDOS Sensor Characterization: Simultaneous Irradiation and Temperature variation
	Aim & Rationale
	Test Setup
	Test Levels
	Methodology
	Observations
	Limitations and assumptions
	Results & Conclusions

	Radiation Payload Prototype Functional Testing
	Inspection & Post soldering
	Electronics & S/W functional testing

	Radiation Payload Performance Testing
	Noise Characterisation, Power consumption & Temperature Monitor Calibration
	Daughterboard Interface Test

	Radiation Payload Performance Testing: Proton Beam Irradiation
	Aim & Rationale
	Test Setup
	Test Levels
	Methodology
	Observations & Inferences
	Limitations and assumptions
	Results & Conclusions

	Environmental Testing
	Functional Tests
	Mechanical loads: Vibration and Shock Testing
	Thermal-Vacuum Test
	Radiation Hardness Assurance


	Conclusions
	Radiation Payload Development
	Radiation Environment Modelling and Transport Simulations
	FGDOS Characterization & Testing
	Research Questions
	RQ-1


	Recommendations for Further Work
	Lunar Zebro Radiation Payload
	Payload Design & Development
	Verification & Validation
	Long Term Applications

	Space Radiation Environment Modelling & Simulations
	Space Environment Models
	Radiation Transport Simulations

	FGDOS Testing & Characterization
	Outlook Toward the Future

	Design Documentation
	Electrical Schematics
	Radiation Payload MAIN V1
	Radiation Payload Daughterboard V1
	FGD-03F Breakout Board

	PCB Layouts
	Payload MAIN V1
	Payload Daughterboard V1


	Software
	Radiation Payload Telemetry and Commands

	Test Results
	FGDOS Sensor Characterization
	Simultaneous Irradiation & Temperature Characterization

	Radiation Payload Functional Testing
	Noise, power, temperature

	Radiation Payload Performance Testing: Proton beam Irradiation

	Systems Engineering Supplement
	Work Breakdown Structure
	Risk Management
	Radiation Detector Comparison
	Payload Financial Budget

	Simulation Results
	Radiation Environment Modelling
	SPENVIS Methodology
	SPENVIS: Supplementary Analysis Results
	OLTARIS Methodology
	OLTARIS: Supplementary Analysis Results

	Radiation Transport Simulations: Supplementary Results
	Basic model setup in Geant4
	Radiation Payload MAIN Board Model
	Rover on a lunar regolith slab
	Rover in a lunar lava tube
	Source macro generated in SPENVIS


	Miscellaneous
	Radiation Measurement & Relevant Quantities


