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ABSTRACT

The present thesis is devoted 1o the development of a space qualified atomic force
microscope (AFM) for a robotic mission to Mars. The working principle of such an
instrument relies on a sharp tip at the end of a soft cantilever, which senses the
topography of a snrface. The main objective of the AFM is the characterisation of
small dust particles present in the Martian soil and atmosphere. i is part of a
microscopy experiment onboard the scientific payload MECA. This payload focuses
on the assessment of harmful effects that human explorers would have to face on the
surface of Mars,

In a first assessment, bulkiness, high sensitivity and required interaction between the
instrumem and an operator render atomic force microscopy unsuitable for planctary
missions. However, microfabrication technologies combined with innovative design
ideas allowed to build an error tolerant system with functionality for addressing the
challenges generpted by a 9-month space travel and the Martian surface conditions.
The AFM passed all the space-qualification tests and has been delivered 10 NASA.

It has been shown that the instrument is able to characterize dust particles in the
expecied size range of Martian dust (0.2 - 3 um in diameter). Properties like shape,
size distritution, hardness and mass can be assessed using different measurement
techniques. The advantage of the presented instrument over commonly used dust
analysis techniques is the much higher resolution (down 10 a few nanometers) and its
small size and weight. Without the electronics that drive the instrument, it has the size
of a matchbox and weights 15g.

Based on the instrument behavior at simulated Manian conditions, and on AFM
images oblained by measuring Mars equivalent samples, operational concepis for
autonomous measurements have been developed.

Until this day, prediction on the mineralogical composition of the airborne dust of
Mars relies on theoretical diffraction models where the particles size distribution
plays a major role. Scientific results returmed by the AFM will start new
investipations in this field and limit the speculations on mineral compesition.

The genuine topography of dust samples, as they would be returned from Mars at the
present status of the instrumentation, would be affected by the measnrement concepts
and by technical limitations. To improve the image quality a1 low temperatures and
the reliability of particle measurements, several developments for fiture work are
proposed.

The first opportunity for this AFM to fly (o Mars has been cancelled in the year 2000
due to the back-to-back loss of two robotic Mars missions (Mars Climate Orbiter and
Mars Polar Lander). However, new scientific studies and field-testing with the
presented instrument have been proposed recently to promote its candidature for a
new flight to Mars.



RESUME

Le sujet de cette these porte sur le développement d'un microscope i force atomique
(AFM} qualifié pour I'espace. Son principe de fonctionnement est basé sur une pointe
trés effilée montée i I'extrémité d’un levier qui mesure, par balayage, la topographie
d'une surface. Intégré dans une mission scientifique nommée MECA, son objectif
principal est la caracténsation de fines particules de poussiéres du sol et de
I'atmosphére martienne. MECA est dédide a 1'évaluation des effets nuisibles de
I'environnmement martien auxquels les futurs explorateurs humaing seraient exposés,

A premigre vue, I'AFM est un instrument mal adapté 4 'exploration planétaire du 3
son volume excessif, & sa haute sensibilité et aux fréquentes interactions avec
I'opérateur. Pourtant, les progrés technologiques de la microfabrication et les idées
innovantes ont permis de construire un systéme faisant face aux défis générés par un
voyage spatiale de neuf mois ex par les conditions drastiques régnant & ia surface de
Mars. L"AFM a passé avec succes les tests de qualifications spatiales et a 61 sountis a
laNASA.

11 a €€ démontré que 1'instrument est capable de caractériser des particules de taille
équivalente aux poussiéres présentes sur Mars (entre 0.2 et 3 um de diamétre). Des
propri€tés telles que la forme, la distribution de taille, la duret€ et la masse peuvent
ére évaluées en utilisant différentes techniques de mesures. Les avantages de cet
AFM par rapport 4 d’autres techniques d'analyses sont sa résoluton plus élevée
(quelques nanométres), sa miniaturisation et sa légérelé. Sans 1'électronique qui
conirble I'instrument, il a la taille d’une boite d'allumettes et pse 15 g.

En simulant le comportement de 1"insttument en conditions martiennes, et par la
mesure d'images AFM de poussiéres équivalentes, des concepts de fonctionnements
autonomes on{ €& développés, .

A ce jour, les prédictions sur la composition minéralogique des panticules suspendues
dans I'atmosphére martienne se basent sur des modéles théoriques de diffraction ol le
paramétre de distribution de taille des poussiéres est prédominant. La restriction de ce
paramétre grice aux résultats scientifiques pouvant étre oblenus avec cet AFM
permettrons de limiter les spéculations sur la nature des min€raux.

Dans 1'état actuel de 1'instrunieniation, la lopographie authentique des échantillons de
poussigres martiennes serait altérée par les concepts de mesures et des limitations
techniques. Afin d'améliorer la qualité des images 3 basse tempéralure et Ia fiabilité
des techniques de mesures, plusieurs développements pour de foturs travavx somt
proposés.

La premié&re opportunité de vol sur Mars pour cet instrument a ét€ supprimée en 2000
guite a Ja perte consécutive de deux missions robotiques (Mars Climate Orbiter et
Mars Polar Lander). Néanmoins, de nouvelles études scientifiques et des tests en
conditions réelles avec I'instrument ont ét€ proposées récemment pour Promouvoir sa
candidature pour un nouvel envol vers Mars,

i
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Chapter 1

1. INTRODUCTION

The FAMARS (First Afm on Mars) instrument presented in this thesis has been
specifically designed to measure small dust particles of the Martian s0il. To give the
reader a general overview, the first section of this introduction chapter describes the
objectives of this work and how the FAMARS project came (o realizalion. Ii also
describes how this chesis is structured. The other sections of this chapter are dedicated
to introducing the reader to the different topics related (o this work:

Section 2 describes the plobal characteristics of Mars to highlight the differences
between our neighbouring planet and Earth. 1t also describes the general topography
and surface features to understand (he environmental conditions the FAMARS
instrument will face, once it will have amived on Mars.

The scientific interest in characterizing the airbome particles present in the Martian
atmosphere is very high since it helps 10 understand the seasonal variation of the
Martian climate and the geological history of the planet. During the last 30 years, the
size, shape and compesition of the Martian dust has been evaluated by using
analytical models to match the data retumed by scientific instruments. Until this day,
individoal particles have never been measured in terms of size and shape. The
characierization of individual dust particles will be the principle goal of the FAMARS
instrument. The third section of this introduction focuses on the theoretical
characteristics of the dust particles inferred by previous Mars missions. As this review
is chronologically structured, it will also give the reader an overview on the history of
‘robotic exploration of Mars, As the FAMARS AFM will help 1o assess the risks for a
manned mission to Mars, the final part of this section is dedicated to the current status
of planning a human Mars expedition.

The FAMARS instument is part of the scientific payload MECA (Mars
environmental compatibility assessment). Section 4 of this introduction describes the
general architecture and the scientific goals of each insirument of this payload. It also
highlights the interactions between the AFM and the other instruments. One of the
goals of MECA is the detection of quartz particles in the dust and soil of Mars. The
abundant presence of this mineral on Mars would be a serious threat to a manned
mission to Mars for engineering and health issues. Therefore, the fourth section also
gives an overview on silicosis, the most likely disease (hat human explorers would be
confronted with, if small quartz particles in the respirable size range were present on
the planet’s surface. In the end of 1999, 2 missions sent to Mars by NASA were lost
due to very regrettable reasons. This caused the cancellation of MECA's opportunity
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to fly to Mars in 2001. The end of this section describes the circumsiances under
which the 2001 opponunity to send a lander to Mars was cancelled and what new
opportunities will be available for MECA in the years to follow,

The AFM designed in this work is a microscope that will retum topographic images
of dust particles from Mars with a resolution in the order of a few nanometers. The
working principle of such an insttument is described in the fifth section of this
introduction, 1t describes the different design options that were available to build an
instrument that could work on an autonomous basis. As the AFM is used in many
applicmion fields but was, to my knowledge, never used to image micrometer-sized
dust paniicles, a paragraph is dedicated to the common applications of AFM.

The heart of the FAMARS microscope is a small chip microfabricated in silicon. The
fabrication 1echnigues used to shape the uiny structures of this chip are generally used
to fabricate MEMS (micro electro mechanical systems). The last section of this
introduction chapter describes the advantages of using such devices in space
applications.

1.1 Scope, objectives and structure of this thesis

In Avgust 1998, the engineering team of the sciemiific payload MECA (Mars
environmental compatibility assessment) approached IMT for designing and building
a space-gualified atomic force microscope. This AFM would be part of the
microscopy station of the payload to characterize Martian dust particles. At that ime,
MECA was selected to fly to Mars with the Mars Surveyor 2001 Lander, which
would be launched to Mars in April 2001, and arrive at Mars in February 2002,

IMT s background in the field of AFM was already known through previous research
projecis where AFM tips and other probes based on different technologies have been
developed. Its well-equipped facilities for creating small strucfures in silicon would
enable the fabrication of the required tips and cantilevers of the instrument.

At that time, IMT was working on the development of an array of AFM prabes based
on CMOS detection for fast scanning application called FAMOS (Fast scanning probe
microscopes on silicon) [1]. This project was funded by the Swiss priorily program
for the development of new technologies called MINAST. As the development of an
AFM for Mars wounld necessitaie the fabrication of an array of cantilevers and tips, it
would fit the project outline of FAMOS. Thus, the necessary funding source could be
rapidly obtained for the Mars AFM project. This project was since lhen called
FAMARS, which stands for “first AFM on Mars”.

Due 1o close collaboration on previouns projects with the company Nanosudf AG, the
electronics department of the University of Basel and the CSEM (centre Suisse
d’électronique et de microtechnique), zll the partners for developing such an
instrument were brought together.
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Nanosurf was developing 2 new scanner for their commerciai AFM based on
electromagnetic actaation. This scanner would fit the power and environmental
requirements specified by the engingers of MECA,

The electronics department of the University of Basel had collaborated with IMT on
the development of the amplifying unit for the FAMOS project and was working on
the electronics of the commercial AFM of Nanasurf. 1t was therefore the ideal partner
for designing and building the electronics for the FAMARS instrument.

To be able t0 image hard particles without wearing the tip apex, hard tips needed to be
implemented. The CSEM masters the technalogy of creating diamond tips in silicon
moulds and due to the fact that it was IMT s neighbour, was the right institution to
waork with.

The objectives of this thesis have been clear from the day the agreement with the
microscopy team of MECA was signed, namely:

« Providing an AFM to MECA (o image micrometer-sized particles with a
resolution approaching the nanometer,

Characterizing the instrument under Mars equivalent conditions
Implementing the instrument into the MECA payload

Developing antonomous measurement concepts for the instrument

Showing the feasibility of imaging loose particles on a substrate by AFM
Creating a database of particle images of Mars egunivalent samples
Establishing safe AFM measurement techniques to increase the scientific
throughpnt of the missian

These objectives can be divided into 2 distinct categories, engineering and science.
Thus, the structure of this work is divided inta 2 main parts. The chapter entitled
“FAMARS design” describes the architecnure, ihe characterization and the mission
specific operations schemes of the instrument. The following chapter entitled “particle
measurements’” focuses on the performed measurements and the special techniques
developed to image small particles.
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1.2 The planet Mars

Mars, the fourth planet from the Sun, is more like Earth than any other body in our
salar system. It has mountains and valleys, polar ice caps and dry riverbeds. 1t has
seasons, an atmosphere with clonds, winds and dust storms, and a salid racky surface
covered with dust,

Compared to all the other known planets besides our own, Mars also has a velatively
moderate chimate. As a result, Mars is the only place other than the Moon that humans
can realistically think abont exploring.

Mars is only half as large as cur planet. Its thin atmosphere is comprised of about 95
percent catbon dioxide (CO;). lts atmospheric pressure is about 100 times less than on
Earth. The sunkight that reaches Mars is only half as intense as on Earth. This makes
of Mars a very cold place on a human perception scale. 1n winter, the temperatures
often fall to abont minns 120 degrees Celsins. Table 1-1 summarizes some general
data about Mars and compares it to those of Earth [2].

Table 1-1

Basic infermation about Mars.

Mars =« Compared to Earth |
Muagzs: 6.42 x 1023 kg 0.1074 Earth-mass
Gravitation constant: 3.73 mfsec’ 9.81 m/sec’
Diameter: 6786 km 0.26 Earth diameter
g‘:;a" distance from the ' 227.9x 10°km 149,6 x 10° km
Mean orbital velocity: 24.13 kn/sec 290.79 km/sec
Length of vear: 687 days 1.88 Earth-year
Length of day: 24 h 39 min 35 sec 1.02 Earth-days
Number of satellites: 2 {Phobas and Daimos) 1 (the Moaon)
Mean air pressure: 7 mbar 1013 mbar
Sunshine: 88 1 /cm? / day 2001 / cm® / day
Surface temperature range: -13310 +22°C -Tw+72°C
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1.3 Martian dust and soil

By undersianding the minerzlogy of the surface materials on Mars, insight into the
availability of liquid water, and the duration, mode, and extend of weathering
occurring throughout the Martian history can be provided. As found by the in situ
experiments on Mars, silicon (5i) and ircn (Fe) are the two most abundant elements
[8), but how these are combined intc surface minerals has not been directly
determined. Section 1.3.1 gives a general averview on mineral and rock classification
to better understand the prediction on minemlogical compesition of the Martian dust
Dust acrosols are always present in the Martian atmosphere. Their presence
significantly affects the thermal structure of the atmosphere. They abserb solar
radiations in the visible wavelength while emitting in the infrared. Section 1.3.2 gives
an overview on the Radiative properties of the Martian atmosphere and the influence
of dust in the thermal emission spectra.

Analysis of the chemical composition of the Martian atmosphere had been performed
since the invention of astronomical spectroscopy in the 1860s, using the sunlight
reflected off the Martian surface. Infrared imaging from Orbiters or landing sites have
been analysed for the last 30 years to gain information on size distribution, vertical
profile and compasition of the attmospheric dust. Section 1.3.3 gives a chronological
overview of the history of Mars exploration and the inferred characteristics related to
airbome dust.

1.3.1 Classification and characteristics of common rocks and soils

This section gives an overview of the classification of minerals, rocks and s¢ils [9]. It
alsc describes the techniques commonly used to characterize and distinguish different
minerals.

1.3.1.1 Mineral and rock classification

A mineral is an inorganic nmwral solid, which is found in natere. Its aloms are
arranged in definite pawerns and it has a specific chemical composition that may vary
within certain limits. A Rock can be described as an aggregate of one or more
minerals. On a high level classification, one ¢an distinguish 4 groups of rocks:

I Comimon rock minerals
2) Igneons rocks

3 Sedimentary rocks

4) Metamerphic rocks
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1) Common rock minerals can be described by 2 general terms:

» Mafic (MA for magnesium and FIC for iron) is used for silicate
minerals and rocks, which are relatively high concentration of heavier
elements like magnesium and iron,

» Felsic (FEL for feldspar and S1C for silica) is used for silicate minerals
and rocks, which are enriched in the lighter elements, such as silica and
oxygen, aluminiurn, and potassium.

More precisely, mineral rocks ¢an be classified by their chemical composition:

» Native elements: Platinum, gold, silver, carbon (graphite or diamond)
» Oxides: Magnetite (Fe;0,4), maghemite (Fe;0;),
Goethite or limonite (HFeO;)
« Carbonates: Limestone (CaCQO;3), dolomite (CaMg(CO,)2)
Sulfides: Pyrite (FeS$,)
Sulfates: Gypsum (CaS0,.2H,0)
Phosphates: Apatite (CasF(PO,)3)
Halides : Chlorides (NaCl, HCI), fluorides (CaF,)
Silicates (- $10;, - 5104, - §i0y, - Si:0:):
- Olvine: Mg.58i0,, Fe,85104
- Pyroxene, amphibole (common in meteorites): CaSi0,, MgSi0,
- Feldspar (Al, Na, Ca, K) silicates: anorthosite (CaAl;SiOg)
- Mica: biotite K({Mg,Fe)3(AlSi;0,p)). zircon (Zr (5i0y))
- Quartz: $i0,
- Clays (hydrous aluminium silicates): montmorillonite, nontronite

2} lgnecus rocks are formied by the crystallisation of magma. Depending on the
cooling rate of such a magma, 2 different rocks will be created:

» Intrusive igneous rocks form when the magma slowly cools inside the
lava crust. Intrusive rocks have high silica content. Granite (quarz,
mica, K-feldspar) is a good example of an intusive igneous rock with
65 to 73 % of SiQ, content.

« Extrusive igneous rocks form: when the magma rapidly cools at the
surface. Extrusive rocks have lower silica content. Basalt (oliving,
pyroxene, Ca-feldspar) and andesite (Na-feldspar, amphibole) are good
examples of extrusive rocks with lower 8§02 content (52 - 63 %)

3) Sedimemary rocks consist of rocks and grains derived from chemical or
mechanical breakdown (weathering) of pre-existing rock. They can be further
classified on the basis of grain size:
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» Conglomerates (> 2 mm): Boulder (> 256 mm)
Cobble (65-256 mm)
Pebble (4-64 mm)
Granule (2-4 mm)

+  Sand (62 um - 2 mm). Very coarse (1-2 mm)
Coarse (300 pm - Imm)
Medium (250 pm - 500 pm)
Fine (125 pm = 250 pm)

+ Shales (< 62.5 um): Silt (3.9 pwm ~ 62.5 pm)
Clay' (200 nm - 3.9 um)
Colloid (< 200 nm)

4) Metamorphic rocks have been chemically altered by heat, pressure and
deformation, while buried deep inside the planct’s crust. These rocks show
changes in mineral composition or texture,

1.3.1.2 Soil classification

Soil can be described as the coliection of natural bodies on a planet’s surface. Its
npper limit can be defined by the gas present in the atmosphere, and its lower limit by
the underlying hard rock. To give an example of soil composition, the following list
describes the soil components for planet Earth:

Mineral fraction: 45 - 50 %

Organic matter: 0.5 -5 %

Water: 23 %

Air: 25 % of soil volume

Organisms: a small fraction of soil comprising:
- Macro organisms (insects, carthworms)
- Micro organisms (protozoa)
- Bacteria, fungi and others.

As for minerals and rocks, soil can be classified by size. A distinction bctween
unweathered and wealhered maierials can be made:

» Unweathered primary matenals: Gravel: 2 - 4 mm
Sand; 50 pum - 2 mm
Silt: 2- 50 pm

! Same denomination as the sub-group of the silicates

14
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» Weathered secondary materials: Clay: «2 um
- Three-layer clays (Si - Al - Si lattice): montmorillonite
- Two-layer clays (Si - Al lattice): kaolinile
- Amorphous clays, iron and aluminium oxides

1.3.1.3 Mineral and rock identification techniques

Many minerals look very similar, and the effects of weathering often mask identifying
characteristics. Several tests are combined to recognize a specific mineral. Typical
charcteristics like shape, magnetism, cleavage, colour, hardness and light reflection
or scattering properties can be used:

Shape:

Minemls are uswally formed in layers, which build up over time, generally in a shape
specific 1o that mineral. Such shapes are called crystals and help to identify the
mineral. In nature, minerals are often found in irregular shapes due to weathering and
mechanical changes. Samples may retain their specific, recognizable shapes if they
have not been exposed to environmental changes. Depending on the size of the
minerals, optical microscopy is generally used for shape recognition.

Magnetism:

The physical properties of minerals are a direct resalt of their chemical and structural
chamcteristics. Magnetic remanence is carried by ferromagnetic materials; usually
iron oxides with titanium impurities. Expeciments to determine the magnetic
properties of a minerl can be carmried ont using permanent magnets to exen an
attractant or repelling force.

Cleavage:

Breaking a mineral is often a good way to discover its identity. Every mineral has its
proper “cleavage patiern”. Some minerals, such as quartz, have no definite cleavage
and will simply shatter when broken.

Colour and streak:

Colour s often one of ithe most useful methads for identifying a mineral, but should
be wsed in combination with other diagnostic methods, as the exteror surfaces of
many samples are discoloured due to weaihering. Breaking 2 sample helps to reveal
the 1rue mineral colowr.

Hardness:

Minerls vary substantially in hardness. Scientists are able 1o determine ranges of
hardness by using the Moh's Scale, This simple comparative scale ranges from the
softest mineral (talc) to the very hardest (diamond). If two minerals are scratched
across each other, the one thal leaves a streak will always be softer than the other.

11
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Reflective, refractive and radiative properties:

Each mineral interacts differently with light. Depending on the wavelength, it will
absorb and refract light differently. To be able to determine the optical properties of a
mineral, it needs to be cut and polished into slabs before looking at reflection and
refraction angles of an incident beam {10].

On the atomic scale, minerals can be analysed by X-ray powder diffraction. When an
X-ray beam interacts with planes of atoms, part of the beam is diffracted. Depending
on what atoms make ap the crystal lattice and how these atoms are arranged, different
diffraction patterns are produced. For this type of analysis, the mineral or rock needs
to be ground to a fine pawder (typical particle sizes of less than 10 microns).

In addition, each mineral emits different thermal radiations at infrared wavelength
depending on its composition, The next chapter describes this phenomenon and the
used detection techniques for aerosol minerals of the Martian atmosphere.

1.3.2 Thermal emission spectra of the Martian atmosphere

Mars emits infrared radiation due to the heating by the sunlight. This radiation is the
sum of three contributions: the light reflected by the surface and attenuated by the
atmosphere, the light backscattered by the atmosphere before reaching the sutface,
and the light scatiered by the aerosols and reflected by the surface.

1n a first approxiraation, the thermal emission spectrum of Mars can be described by a
black body source, The Planck equation describes the radiance of a black body
relative to temperature and wavelength. Since no real surface emits like a blackbody,
the radiance is usnally modified by a factor known as the emissivity, which varies
between 0 and 1.

The CO; atmosphere of Mars causes a large absorption band at 15 m in the spectra
of the ideal black body radiance. Water-ice particles suspended in the atmosphere
have an absarbing influence at around 12 pm. The principal features arising from the
dust in the radiance curve are broad diffuse absorption bands centred near 9.2 and 20
um. Additionally to bands in the infrared region, the dust particles suspended in the
aimosphere also have strong absorption in the ultraviolet region (0.2 — 0.3 [im) [44],
Figure 1-4 shows different radiance spectrum of Mars inferred by the Mars Global
Surveyor orbiter in 1997 compared 1o ideal black bady radiance curves,

The described absorption bands related (o dust are commonly observed in silicate
minerals and represent the bending and sttetching vibration modes respectively. The
precise shape of the absomplion bands and their location relative (0 the ideal black
body radiation provides inforniation conceming the mineral campasition and panicle
size distribution of the dust clond.
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Figure 1-4

Thermal emission spectra of Mars imeasured by the thermal emission spectrometer
(TES) onboard Mars Global Surveyor in 1997f11]. Theoretical black body radiance

Specira at different temperatures are shown as a reference.

Different size distribntion curves have been proposed like a lognormal or a modified
gamma distribution. The size distribution can generally be expressed by its first two
coefficiems, which are the effective rachus re  (cross section weighted miean particle
radius) and varance vy (width of the distribution). These values differ substantially
from more intnitive valoes like the average radins rp and standard deviation oy:

?‘0_

re}j’

— 2_
(1+Vﬂ')% oy =Iln (1+v,)

For example, a distribution with 1 = 1.85 and ve¢ = 0.51 will correspond to an
average particle radius r, of 0.66 pm with a standard deviation &, of 0.64, which
means that 64 % of the dust particles of this particular distribution have a radius
between 20 nm and 1.3 pm, or that 96% have a radius between 0 nm and 1.9 um,
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The deduction of dust composition from the observed radiance curves relies on
theoretical scattering models. These models use approximations and predictions of the
following parameters:

+ Relative composition of the dust mixture

» Particle optical index: real and imaginary part (absorption coefficient)
Particle size distribution: rogand veg

Particle shape (spheres, disks, cylinders, sharp or smooth edges)

Particle surface roughness

Vertical density profile of the particles in the atmosphere

Atmospheric transfer function: absorption (optical depth), emission and
diffusion

1deally, the radiance spectrurn of the Martian dust should be modelled by carrying out
the spectral calculations for ail possible minerals and rocks and mixtures thereof. As
so many parameters are involved in the simulations, and due 10 the fact that the
optical constants (real and imaginary refractive index) for only a small set of
candidate minerals is available woday, a completely unique dust particle composition
cannot be claimed.

Besides absorbing the light coming from the surface, the dust particles themselves
emit their own thermal radiation. 1t is therefore difficult to differentiate between the
relative contribution of surface and atmospheric emissivity, Removing the effect of
the atmospheric dust to infer the composition of the Martian soil is a formidable
challenge and iz has been a permanent thom in the side of workers in this field.

1.3.3 Chronolagy of Mars exploration related to dust analysis

The following paragraphs give a chronological enumeration of Martian dust
characteristics inferred from the first astronomic observations 1o the important
discoveries of successful Mars missions [12].

1.3.3.1 Early Mars observations:

First astronomic observation from earth in 1809 by Flaugergues revealed “badly
defined patches” without attributing them to dust. In 1873, Flammarion wrongly
auributed the red colour of Mars 10 vegetation, In 1877, Schiaparelli made the first
reliable observations of dust clouds. He wrote in his notebook: "Mars is beautiful. The
Mare Erythraeum in large part appears covered by cloud”. First spectroscopic
measurements originally focused on water vapeur detection concluded that the
Martian atmosphere is extremely arid compared to Earth (W. W. Campbell, 1909).
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The reason many of the earlier investigators were so far wrong about the thickness of
the Mariian atmosphere was their assumption that it is usually clear and transparent.
But the presence of suspended dust made the atmosphere more reflective than they
had supposed. .
Despite the fact that astrononiers had been watching Mars for centuries, they still
knew remarkably little about it. However, by the late 1950s, spaceflight technology
was opening new doors for planetary astronomers. The influences of the atmospheric
dust on the Martian climate [3] and geology [16] have pushed in-situ scientific
investigations for the last 30 years.

1.3.3.2 Mariner 9

Between 1962 and 1973, NASA's Jet Propulsion Laboratory designed and built 10
spacecraft named Mariner to explore the solar system, visiting the planets Venus,
Mars and Mercury for the first time. Mariner 4 past Mars in 1965, collecting the first
close-up photographs of another planet. The piciures showed lunar-type impact
craters.

The USSR had their own series of Mars missions. The Mars 2 Orbiter reached its
mapping orbit successfully in 1971. The Mars 2 lander became the first human-made
object 10 reach the surface of Mars, but it crash-landed and was vnable to transmit any
data. Because of a global dust siorm at arrival time, the orbiter of Mars 2 could retumn
only pictures with little surface detail. The same year, the lander of the USSR Mars 3
mission achieved the first soft landing on Mars but failed after 110 seconds of
transmitting a small portion of a picture. Together with the images returned by the
orbiter of Mars 2, a colour picture of the global dust siorm of December 1971 was
composed.

Afler a series of US Mars flyby missions (Mariner 3, 4, 6 and 7), Mariner 9 was the
first spceessful US planctary orbiter of a foreign planel. Infrared images were taken
by the experiment 1RIS [17] during 1971 and 1972. #t was designed 10 record the
thennal emission spectrum of the Martian surfacc and atmosphere. It arrived at Mars
during the most severe dust storm the planet experienced since the beginning of
systematic observation. The measured emission spectrum of Mars, additionally to the
sirongly absorbing part of the CO; molecuiar band, was influenced by water-ice
particles [18] and dust present in the atmosphere.

In the years following the Mariner 9 mission, several models simulating the thermal
radiative properties of the dust have been built in order to reproduce the IRIS
observations, and to gain information on the dust particle composition. The Toon et
al. model proposed in 1977 has become a kind of standard Martian dust model [19]
for the following 20 years. A parlicle cross-weighted mean radius rey of 275 pm and
a variance Vi of 0.42 were used in the model. Different materials like goartz, basalt,
andesite, basaltic glass, obsidian {the result of volcanic lava coming in contact with
water), granite and montmorillonite were simulated. 1t was found that none of these
materials alone could account for the spectral features of the 1971-1972 dust storm,
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but concluded that a very high content of 8i0O, like it is present in montmoriilonite
could fit the low-infrared spectra. Montmorillonite is a member of the general mineral -
group of clays that contain about 65% of 8i0; (see § 1.3.1.1)

Another model developed by Clancy et al. in 1995 [20] substantially improved the fit
to the IRIS data in the far infrared. This model was also consistent with both Viking
and Phobos data (see the following paragraphs). It was based on a smailer size and
much broader particle size distribution than the Toon et al. model (fgy= 1.8 pm Ve =
0.8). The optical properties nsed for the simnlations were those of a mineral produced
by weathering of basaltic glass called palagonite which contains only 31% of 5i0,
[21). The same year, the thermal emission of Hawaiian palagonitic soils has been
analysed on Earth. The strength of features present in the infrared spectra of Mars
could not be solely provided by emissivity variations of these terrestrial palagonites
[22]. Nevertheless, palagonile has since ther been used as a near-infrared and visible
spectral analog for bright soils on Mars.

The ultraviolet spectra during the 1971 dunst storm was studied by Pang et al. 10
determine the particle size distribution and complex index of refraction (absorption
coefficient). An effective particle mean radius of Y um with an effective variance of
0.2 fitted the data best. Comparison of these ultraviolet refractive indices with
previously proposed materials like basalt, andesite or montmorillonite indicated that
none of them had the requoired ultraviolet properties {44].

The information collected in the IRIS data is still not completely exploited, Even
today, investipators return (o this data set to confirm or complement other
observations. In 1999, after correction of a 2% error due to an internal reflection of
the interferogram, of the instrument [23), a more precise prediction of the dust
composition could be retrieved. Using the composition of loose soil inferred by
Pathfinder in 1997, the computed transmittance related to dust suggested a possible
composition of 50 % silicates (albite), 10 % sulphates and 40 % mafic silicates (20 %
pyroxene, 20 % olivines) [24]. Table 1-2 gives a summary of the particle properties
derived from the Mariner 9 data.

1.3.3.3 Viking I & 2

NASA’s Viking Mission to Mars in 1976 was composed of two spacecraft, each
consisting of an orbiter and a lander. Both Landers transmitted images of the sorface,
100k surface samples and analysed them for composition and signs of life, and sindied
aimospheric composition and meteorclogy. The resolts from the Viking experiments
gave the most complete view of Mars to date [25] and remain, together with the
Pathfinder data (see § 1.3.3.5), the best reference for extrapolating Martian dust
properties. Figure 1-6 shows a model of the Viking lander.

Measuremenis of the sky brightness above the Viking Landers have been used to infer
the dust single scattering properties at visible wavelength by Pollack et al. in 1979,
Using the infrared dataset from the Mariner 9 orbiter experiment IRIS and the
numerical model from Toon et al, [19] as a reference, parameters concerning the
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mean particle radins (rg = 2.7 pm, vei = 0.38) and shape could be retrieved [26]. The
values obtaincd for the shape factors imply relatively smooth particles having a
platelike shape, typical for ¢lay particles.

The data collected by both Viking Landers was re-analysed 20 years later by Pollack
et al. By more accurately deriving the brightness ¢lose to the sun and by using a belier
scattering model, it was found 1hat the particles scatter light fairly efficiently, which
implies equidimensionality and possibly very sharp comers. From the imaginary
index of refraction, it was possible 10 retrieve the fractional composition of the dust
particles, A fraction of 1.2 % of magnetite has been proposed. It was further
concluded that the size distribution was not the same at the location of Viking 1 (g =
1.85 um, vy = 0.5) and Viking 2 {ry = 1.52 um, vgy = 0.5), This very slight
difference could only be partially explained by different dust loading conditions at the
landing sites (Viking 1 images were taken during a global dust storm of the northemn
hemisphere whereas Viking 2 was in an almost dust free zone). It was therefore
suggested that eddy mixing' could be a more important mechanism for removing dust
from the atmosphere than sedimentation of large particles [27].

Visible brightness images of the surface and atmosphere were taken by the Viking
Orbiters as well [28). The data was analysed in terms of dust and ¢loud scatiering in
1991 by Clancy et al. using emission phase function (EPF) sequences, where a
particular region on Mars has been observed al multiple emission angles by the
Viking IRTM instrument (Infrared Thermal Mapper) [29]. Alithough the same single
scattering model used for the Viking Lander images was applied, the suggested dust
particle size was much smaller (r = 0.4 um) than the size suggested by previous
analysis, The only work that reported such a small dust particle size was the initial
analysis of the Viking Lander data in 1977 by Pollack et al. [30].

Since condensate clouds were observed in the Martian aimosphere, a number of
microphysical medels were developed to highlight the interactions between dust and
water-ice particles. From these microphysical models, it can be assumed that the
Manian dust particies play the role of cloud condensation nuclei and that 1he water ice
is present as an outer layer on dust particles [31).

Very recently (2002), simulations based on microphysical behaviour of dust particles
were carried out by Montmessin el al. Their amempt to reproduce multiple-colour
images of the Martian limb provided by the Viking orbiter camera could not be
obtained hy using the previously predicted dust size distributions. They suggest a
bimedal distribution based on sub micron-sized particles {r.z = 0.2 pm) in addition Io
the larger {r.¢ = 1.0 pin) new commonly used size distribution [32). The fact that size
distributions inferred from the Saharan desert have a bimodal distribution as well [33]
strangly supports this hypothesis for Martian dust. Table 1-2 gives a summary of the
patticle properties derived from the Viking 1 & 2 data,

' The diffusion of atmospheric matter which is effected by whirl or circular current of
air induced by pressure differences.
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radiometer mapping the planetary thermal radiation) and KRFM (UV-visible
multiphotometer providing limb-to-limb profiles). All instruments showed that only 2
minor amount of dust was present in the atmosphere during the mission, which was
consistent with ground-based observations made during the same period.

The results of all four experiments have been analysed together by Chassefiére et al.
in 1995. The vertical density profile has been measured in solar occultation geometry
by the experiment Auguste and gave a consistent picture of the dust distribution in the
altitade range from 15 km up to 25 km. The particie number density near the surface
has been extrapolated based on the assumption that vertical transport may be treated
in terms of eddy diffuston. Depending on the value for the effective variance of the
particle size distribution, it varied between 1 and 6 e The derived value for the
dust sizes were found to be rgy = 1.7 pm  and v = 0.2 [34).

Interesting results concerning the contribution of aitborne particles 1o the reflectance
of the planet have been published by Erard et al. in 1994, The spectrum of the 1SM
instrument on Phobos 2 was used to analyse the effect of the aithome particles on the
spectra emitted by surface materials. Sonte areas showed uniform surface properties
observed at widely varying elevations. As a major conclusion, the particles either
form a high altitnde layer or consist of mostly uplified dust likely to be concentrated
in the first few meters above the surface [35).Table 1-2 gives a summary of the
particle properties derived from the Phobos data.

1.3.3.5 Parhfinder

After the highly snccessful Viking missions, NASA backed away from Mars for
several years. During the 1980s, the only funded Mars program was the orbiter Mars
Observer. It was lost in 1993 before entering Martian orbit. This loss was the low
peint of an unfortunate period in space exploration. The early 1990s also saw the
collapse of the Space Explomtion Initiative to send people to the Moon and Mars. In
response 1o these problems, NASA introduced a new philosophy into their space
science program: "faster, better, cheaper.”

Launched on December 4, 1996, Pathfinder reached Mars on July 4, 1997, directly
entering the planet’s atmosphere and bouncing on inflated airbags as a lechnology
demonstration of 2 new way to deliver a lander and rover to Mars. The lander
operated nearly three times its design lifetime of 30 days, while the rover operated 12
times its design lifetime of seven days.

Pahfinder's scientific objectives included atmospheric entry science, long-range and
close-up surface imaging, with the general objective being to characterize the Martian
environment for further exploration. The bulk of the Lander’s task was 1o support the
rover by imaging its operations with the imager for Pathfinder camera (IMP) and
relaying data from the rover to Earth. The rover Sojourner carried two instuments: 2
camera to take pictures, and an alpha proton X-ray spectrometer (APXS) to measure
the elemental compositions of rocks. The technique of APXS is based on three kinds
of interactions of alpha particles from a radioactive source with matter. Analysis can
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[37]. Some rocks imaged by the camera onboard Sojourner appeared to be fluted and
grooved by saltating sand-sized (62 {m - 2 mm) particles in the wind [16].

Different soil colours were detected by the Sojourner imager. As the composition of
these soils detected by the APXS instrument showed all similar composition, the
differences in colour might be due to slight differences in iron mineralogy or
differences in soil particle size and shape [38].

Five rocks and six soil sites were analysed by Rieder et al. in terms of composition by
the APXS spectrometer. The composition of a relatively dust free rock called
Barnacle Bill could correspond to an andesite. However, scientists could not be
certain that the inferred rocks were of igneous type (formed by crystallisation of a
magma), since high-resolution images of the rock surface showed sedimentary or
metamorphic features. .

The soi! composition showed much larger fractions of magnesivm and iron than the
analysed rocks. Thus, even if weathering and the addition of elements provided by
volcanic gasses are taken into accoun, the soils could not have formed from the rocks
measured al the landing site [39].

Pathfinder was also equipped with an experiment to assess the magretic phase in the
Martian airborne dust. An amay of five magnets with decreasing strength was
mounted on the Lander and imaged by the IMP camera. The only particles to which
these magnets would be exposed are the aerosols suspended in the atmosphere. From
the observations of these magnets, it was concluded that most of the particles were
moderately magnetic. Maghemite (y - F220;) was supposed to be the mineral causing
magnetism in the dust and that the particles might therefore be composite clay
particles [40].

The rover Sojourner carried a matenial adherence experiment (MAE) to guantify the
effect of dust deposition from the Martian atmosphere on the performance of solar
arrays [41]. The measured obscuration eate during the first 20 Martian days (sols) was
0.33 % per day. A theoretical calculation taking into accoum the particle size, the
single particle obscuration and the dusi depasition rate due o gravitational setiling
predicted an obscuration rate of 0.22 % [42). This very close prediction was based on
the dust properties inferred by Poliack et al in 1995 [27). Table 1-2 gives a summary
of the particle properties derived from the Pathfinder data,

1.3.3.6 Mars Globai Surveyor

Global Surveyor (MGS) was a replacement mission for the failed orbiter Mars
Observer, which was supposed to be sent to Mars in 1996. MGS was the second
spacecraft to follow the “faster, better, chcaper” philosophy after Pathfinder.
However, MGS did not perform flawlessly. One of the solar arrays did not unfold into
the correct location during cruise. Like Mars Observer, it was intended to use drag
against the Martian atmosphere to lower the orbit of MGS after arrival. Due to this
faulty array, It took MGS six additional month to reach its 2-hoar mapping orbit in
1999, :
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. . 1% Quartz
Mariner 9 IR i-4 Disks, flakes 93% Anarthasite Aronsen et al. 1975 [43]
Mariner 9 uy 1.0 (0.2) Spherical : - Pang et al. 1976 [44]
Viking Lander IR 0.4 Nonspherical :10% magnetite  [Pollack et al. 1977 {30]
Mariner 9 IR 2.75 (042) Spherical iMontmorillonite  |Toon et al. 1977 [19]
. , Andesite, basalt,
Mariner 9 s 0.2 {0.9) Nonspherical montmorillonite Chylek et al. 1978 (45)
Viking Lander [Visible 2.7 (0.38) Platelike . Pollack et al. 1979 [26)
Viking orbiter (Visible [<0.4 Nonspherical ]l - Clancy et al. 1991 [29)]
Phobos 2 IR 1.24 {0.25) Nonsphetical } - Drossart et al, 1991
Uy - . Goeihlte
Phobos 2 Visioe 104 (0.5 Spherical ILamoru . Moroz el al. 1991 [46]
25 )m; 1.0 {0.8) . ]IBasalt, Limonite
Phobos 2 IR 12 )om: 1.8 {0.4) Spherical iMagnetite Korablev el al, 1993 [37]
Mariner 9 IR 0.5 (0.15) Spherical ; Palagonite Santee et al. 1993 [48)
Phobos 2 1R 1.7 (0.2} Nonspherical I - Chassefrére et al. 1995 [34]
!
Mariner 9 uy . | .
VM:;‘P}WOS R 1.8 (0.8) Spherical :Pa]agomte Clancy et at. 1995 [20)
;
Viking | Lander{,,. . 1.52 {0.5) .
Viking 2 Lander Visible 1.85 (05 Sharp corners f].2 % mugnetite  [Poliack et ol. 1995 [27]
Pathfinder Visible |1.0 {0.3) [ - Smith et ol. 1997 [49]
Parhfinder Visible {16 (0.2) Nonspherical l - Tomasko et al. 1999 (36]
Pathfinder Visible 1.71 (0.25) Plate-like ; - Markiewicz et al. 1999 [50]
Mariner 150% Andesite
IR - 10 % Sulfite Grassi et al. 1999 [24]
Patrfinder 40 % wahc Si
Global Surveyor [IR 1.5-18 Cylindrical iPnIaganite—Iike Pitman et al. 2000 [54]
L oo 116 05 Spherical | ) :
Viking orbiter [Visible |5 (0% S ! Montmessin et al 2002 [32]
Table 1-2

Chronological enumeration of dust size and composition inferred by spacecraft
observations.
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As for Maciner 9 in 1971, an infrared spectrometer was on board MGS. 1t had a much
improved spectral resolution and sensitivity. The thermal emission spectrometer
(TES) first flew aboard the Mars Observer spacecraft [31]. Following the loss of that
spacecraft, TES was rebuilt and launched aboard MGS, along with five other Mars
Observer instruments. Up to this date, it has mapped the temperature and amount of
dust in the Martian atmosphere for over one Mars year (approximately two Earth
years).

The TES instrument has identified water-ice clouds using the infrared spectral
signature of ice [52]). A spherical approximation of the ice particle shape provided a
mean radivs of 2 um, which confirmed previous data from IR1S on Mariner @ [18].
Because of the heavy influence of dust and water ice aerosols on the infrared spectra
emitted by the sorface of Mars, few studies have attempted to interpret the spectra
emitted by the surface in the thermal infrared. Following the results of the TES
instrument, algorithms have been developed to separate spectral features coming from
atmospheric on one hand, and surface components on the other. It was found that both
find very similar spectral shapes, indicating that the composition of the dust in the
atmosphere might be close to that of soil on Mars [53].

The discovery of ice clouds and their spectral features has initiated more precise
research on the shape of the airbome dust and ice particles. Based on emission phase
function (EPF) sequences of the TES instrument, where a region is observed at
multiple emission angles, a scatiering model using shapes like cylinders and disks in
addition to spheroids has been developed. While the ice particle EPF sequence
appears 10 be reproducible only by spheroids, the dvst particle EPF sequence can be
produced by cylindrical shapes with distribution of axial ratios [54]. The dust phase
function conld be best fitted by randomly oriented cylinders with a diameter-to-length
ration of either 2.3 (disk shape) or 0.6 (coke can shape) [55]. The dust particle radii of
1.5 - 1.8 uin were consistent with the recent re-analysis of Mariner 9, Viking and
Phobos infrared data [20]. Tabie 1-2 gives a summary of the particle properties
derived from the MGS data.

1.3.3.7 Mars odyssey

NASA’s robotic exploration of Mars suffered two major seibacks in the laie 90°s.
Mars Climate Orbiter (MCOQ) and Mars Polar Lander (MPL), 2 missions scheduled ta
arrive at Mars in September and December of 1999, were both lost (see § 1.4.4). The
back-to-back failures motivaled a complete redesign of the U.S. long-term
programme for Mars exploration by robot spacecraft. NASA cancelled the 2001
lander, but launched the 2001 orbiter named Mars Odyssey.

Odyssey’s aerobraking ended in Januwary 2002, and it began its science-mapping
mission at the same time this thesis is written. The three primary instruments carried
by Odyssey are:
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» THEMIS (Thermal Emission Imaging System),for detenmining the
distribution of minerals, particularly 1hose thai can only form in the presence -
of water

» GRS (Gamma Ray Spectrometer), for determining the presence of 20
chemical elements on the surface of Mars, inciuding hydrogen in the shallow
subsurface {which acts as a proxy for determining the amount and
distribution of possible water ice on the planet)

» MARIE (Mars Radiation Environment Experiment), for studying the Martian
radiaiion environment

The primary science mission will continue through August 2004. The spacecraft will
also serve as a communications relay for U.S. and intemational spacecrafis scheduled
to arrive at Mars in 2003 and 2004.

1.3.4 Human exploration of Mars

The world’s attention is focused an the explaration of the solar system mare strongly
now than ever before. As world history illustrates, humans are compelled to discover
new fromtiers. Our exploration of the space frontier has already begun. Robotic
missions and new technology are the first steps toward expanding human presence in
the solar systern. Human missions to Mars and beyond may become a reality in the
21st century [56]. There are many reasons why Mars is a human exploration target
(57

» Human Evolution - Mars is the most accessible planetary body beyond the
Earth-Moon system where sustained human presence is believed to be
possible. However, it is not an objective of the Reference Mission {60] to
settle Mars but to establish the feasibility of, and the technological basis for,
human settlement of that planet,

« Comparative Planetology - The scientific abjectives of Mars exploration is
to undersiand the planet and its history in order to berter understand Earth,

» International Cooperation - The political environment at the end of the
Cold War may be conducive t0 a concerted international effort that is
appropriate, and may be required, for a sustained program,

«  Techaology Advancement - The human exploration of Mars currently lies
at the ragged edge of achievability. Some of the technology required to
achieve this mission is eiiher available or on the horizan. Other 1echnologies
will be pulled into being by the needs of this mission. The new iechnologies
ar the new nses of existing technologies will not only benefit humans
exploring Mars but will alsa enhance the lives of people on Earth.

« Investment - in comparison with other classes of societal expenditures, the
cost of a Mars program is modest.
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1.4 The scientific payload MECA

Scientific data from several Martian experiments indicate a vigorows recirculation of
dusi between the Martian surface and atmosphere (see §1.3.3). Although properties of
the dust have been inferred from remote semsing and evalnated by surface
experiments, there has been no imaging of individual dust and soil particles to
determine their size distabution and shape. Such information is essential in
understanding the contribution of the particles to the Martian climate and its
geological past (see § 1.3).

As mentioned in § 1.3.4, a manned mission to Mars requires a thorough
understanding of the Martian environment. The exact properties of the Martian dust
are required for safe operation of equipment and to protect human health. MECA
(Mars environmental compatibility assessment) has been designed to assess harmful
effects of the dust suspended in the atmosphere and the soil covering the ground [59].
MECA was developed at the Jet Propulsion Laboratory through NASA's Human
Exploration and Development of Space (HEDS) Enterprise.

The following section gives an overview on the MECA payload and it’s scientific
goals. It also describes under which circumstances the first opportunity for MECA o
fly to Mars was canceiled.

1.4.1 Hazards for human explorers

According to elaborated exploration plans [60], a human crew will wrave] to and from
Mars on relatively fast transits (4-6 months) and will spend long perieds of time (600
days nominal) on the surface. As the objective of human exploration will be to spent
time an the surface of Mars, extensive extravehicular activity (EVA) will be required.
Therefore, the presence of dust particles on the surface of Mars will present several
risks [61].

For a particle to be hazardous to an astromaut, it must not only be intrinsically
dangerous, but it must find its way into the astronaut’s habitat, space suit, or vehicle.
Adhesion is a way that particles can enter protected places: dirt can cling to the
astronaut's spacesnit and be brought into the habitat where it can be inhaled or
ingested, and where the toxic elements may become corrosive or poisonous. The
following sections describe the different hazards that face astronauts and equipment
on Mars due to adhesion.

Abrasion

Abrasion ¢ccurs when the Martian dust is rubbed against man-made surfaces. This
can occur due wo fast moving particles in the wind (sandblasting) or astronauts
attempting to clean solar panels, windows, or lenses. Depending on the hardness of
the dust particles, they will have different effects on equipment: hard particles (like
quartz) will scratch the surfaces, softer particles (like clay) may polish the surfaces
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and cold-weld moving parts together. Evidence for dust abrasion was found during
the Apollo mussions on the meon where fine moon dost particles clung to spacesuits
and 100ls electrostatically, resisting brushing off and wearing the spacesuit material.
[62]

Corrasion

When Martian chemicals are transported into habitats, they may be activated by the
addition of water. These salts, acids, or alkaline materials can attack critical life-
support companents, Specific corrosion hazards for Mars explorers include corrosion
of space suit materials and airlock seals.

Toxicity

Toxicity and pathogenicity refer to snbstances that cause illnesses and diseases,
respectively. Breathable quartz particles are aniong the most dangerous particles faced
by indusuy on Earth, Pathfinder's apparent identification of quanz on Mars focuses
the search on this material and other respirable particles.

Quartz, doe te its hardness and chemical composition, will probably be the most
hazardous substance, for both man and machinery found on the Martian surface. It is
well known from the mining and construction industry that quartz particles in the
respirable size range causes silicosis and related diseases. The following section gives
a mare detailed description of silicosis.

Obstruction

Dust in the Martian atmosphere, lofted by a distant dust storm, presents no cbvious
hazard. 1t may, however, block sunlight for days or wecks and affect solar panel
performance. A layer of dust will accumulaie on e surroundings and on all the
structores and equipment, leading to potential mechanical hazards,

Electrenic Failure

Electrical shorting of power lines or instruments due to electrical pathways made by
dost is 4 common phenomenon in terrestrial arid or dusty regions. On Mars, arcing
and shotting occur at far lower voltages than either on Earth or in open space due to
the presence of a rarefied atmosphere [63]. Conducting particles that accumulate on
electrically active clements such as connectors and terminals could induce shorting of
clectronic circuits. Even with precantions such as shielding, defects in coatings could
result in shorting paths through cenducting panticle filis.

1.4.1.1 Silicosis

Silicosis is a disabling, non-reversible and sometimes fatal lung disease caused by
overexposure to respirable crystalline silica. Silica is the second most common
minera! in the earth’s crust and is a major component of sand, rock, and minerals.
Overexposure 10 dust that contains microscopic particles of crystailine silica can
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cause scar tissue (o form in the langs, which reduces the lungs’ ability to extract
oxygen from the air.

Working in any dusty environment where crystalline silica is present potentially can
increase a person’s chances of getting silicosis. Today, more than I million U.S.
workers are exposed to crystalline silica. Each year, more than 250 American workers
die with silicosis. This number was much higher in the beginning of the century
before safety procedures and exposure limits were set by health organizations.

Today, the most severe worker exposures to crystalline silica results from
sandblasting. The now forbidden silica sand used in sandbiasting typically fractured
into fine particles and became airbome. In the construction industry, sandblasting is
used 10 remove paint and rust from stone buildings, metal bridges, tanks and other
surfaces. Other c¢onstruction activities that may prodwce silica dust include
jackhammer operation, rock drilling, concrete mixing and brick cutting.

There are three types of silicosis, depending upon the airbomme concentration of
crystalline silica to which a worker has been exposed:

+  Chroenic silicosis: usually occurs after 10 or more years of overexposure.

+  Accelerated silicosis: results from higher exposures and develops over 5-10
years.

+  Acute silicosis: occurs where exposures are the highest and can cause
symptoms to develop within a few weeks or up to 5 years.

The development of silicosis depends on a number of factors including [64,65]:

s The particle size:
Airbome dust particles are small enough o become trapped in the lungs, and
are not exhaled, coughed or sneezed out, as are larger particles, like pollen
£rains.

- Airbome dust particles with a size larger than 10 um are usually
caught in the nose and upper airway and discharged as sputum or
swallowed.

- Airborne particles with sizes between 4 and 10 pun usually settle out
in the upper lungs and bronchial area, possibly causing nsthma like
symptous.

- Airborne particles smaller than 4 pm can be carried deep into the
lower lungs where oxygen transfer takes place and cause silicosis.

s Nature of inhaled dust:
Silicosis can only occur when free silica is involved. Free silica means that
only SiQ, is present in the crystal, opposed to combined silica, where other
molecules or atoms are bound 10 the SiQ; molecules.
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Quartz is the best example of a nawral mineral that is almost pure silicon
dioxide. Other forms of free silica are tridymite and crisiobalite. Tridymite
forms from guartz above 370 °C into orthorhombic crystals while cristobalite
forms above 1470 °C into cubic crystals. Other ceramic minerals lLike
feidspar and clay contain free silica as well, However, they also usnally
contain combined silica. Other silica-coniaining rocks and minerals are
limestone, mica, talc, graniie, palagonite, montmorilloniie and sandstone.

Amount of free silica in the inhaled dust:

As mentioned above, it is only free sitica thal causes silicosis. The OSHA
{Occopational Safety and Heath Administration} established an occupational
exposure limit 10 crystalline silica for a 40-hour working week [66]. This
limit is set at 0.05 mg/m’, which corresponds to a concentration of 4.6
particles per cubic centimeter for particles with a radius of 1 pm. The OSHA
permissible exposure limit (PEL) is determined by the following equation:

\0mg I m®
B30, + 2

PEL =

PEL is a regulatory iimit on the amount or conceuatration of a substance in
the air, Therefore, a mineral containing 60 % of free silica will have a
permissible exposure Hmit of 0.16 mg/m® or a conventraticn of abont 15
particles per cubic centimeter for particles with a radius of 1 um.

1.4.2 MECA experiments

The MECA payload will, by direct observation and experimentation, explore two
central aspects of Martian dust and soil: the character of the matenal itself, and the
prapensity of the material to remain in harmful contact with materials and/or be
transported 1o places where it can be activated with harmfu! consequences. The
foltowing scientific experiments have been implemented to MECA to investigate the
above-mentioned threats:

» The Wet Chemistry Lab [67,68] will evaluate saniples of Mantian soil in water to

30

deiermine the toial dissolved solids, redox potential, and pH, and to detect
potentially dangerous heavy metal jons, emitted hazardous gases, and the soil's
cotrosive potential. All wet chemistry will be done in fonr single-use reaction
chambers, configured to accept separate soil samples. A sampling "drawer™ will
receive a sample from the robot arm implemented on the Lander. Excess material
is swept away by the action of the drawer closure. After the drawer is re-sealed,
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1.4.3 MECA’s microscopy station

MECA contains a microscopy station to produce images of dust and sail particles.
Analyses of scientific experiments indicate that the mean particle radins of Martian
atmospheric dust is less than 2 micrometers (see 1.3.3). Therefore, MECA's
microscopy station, in addition to an optical microscope capable of taking colour and
ultraviolet fluorescent images, includes the presented atomic force microscaope (AFM)
to image far below aptical resolution. A detailed description of the working principle
of an AFM is given in § 1.5. The microscopy experiment is enclosed in the box
showed in Figure 1-2 and placed on the lander platform,

Sample delivery

Delivery of the dust samples is achieved by an extemal robotic arm, which is part of
the lander platform equipment. This robatic arm is equipped with a scoop to be able
10 take surface and subsurface samples. A sample-handling wheel with 69 substrates
is enclosed in the MECA box. A small slit located on the top of the box will reveal
only a segment of the wheel, exposing a set of 7 different substrates at once. Since the
composition of the dust is not precisely known, these subswrates have different
hardness and adhesion propertics {magnetic, conductive or non-conductive).

The dust delivered on the exposed substrates wili be brought in front of the
microscopes by performing a rotation and translation of the wheel. The substrates will
be investigated by optical microscopy before being brought into contact with the
AFM. This will allow a selection of a relatively clean area for AFM measurements.
The optical resolution of the microscope is of 8 micrometers per pixel. Since the AFM
X, Y range is of about 50 micrometers, the overlap between optical and AFM piclures
will be of 6 pixels. By rotating the sample wheel, it is possible to position the sample
in the X direction. The positioning accuracy on the rotational axis of the sample wheel
is of about 30 micrometers. On the translation axis, each step comesponds to a
displacement of 0.5 pm. Figure 1-10 shows a photograph of the microscopy stage.

Abrasion tool

The microscopy station includes a tool for performing simple mineralogical scratch
and streak tests on the particles from the Martian soil [69]. The ahrasion tool will be
applied 10 particles that adhere themselves 1o highly polished substrates of various
hardness. A leaf spring will be applied with a paraffin actuator 10 press the particles
apainst the substrates. The pressure per particle will depend on the gmin size and the
number of grains adhering to the surface. The sample wheel will be rotated after the
particles are placed in campression to produce the scratches or pits.

A primary goal of the abrasion tool is to idemify quartz (Moh's hardness = 7) using
substrates of varying hardness. The scratches will be identified nsing the optical
microscope and profiled with the atomic force microscope.
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In September 1999, Mars climate Orbiter (MCQ) was lost during Mars orbit insertion.
The root cause for the loss of MCO was the use of English units instead of metric
units in a software patch that calculated the insertion trajectory. The loss of MCO had
a first major impact on the 2001 Lander design. Since MCO was the first backup
communication link to earth for the 2001 Lander, it was decided to add a direct hink to
earth antenna on the lander.

At this same time, the Mars Polar Lander (MPL) was 2 month away from its landing
on Mars. During a review of MPL's entry descent and landing phase (EDL), it was
discovered that the descent thrusiers needed much more heating power than originally
planned for. This induced another maodification on the solar panels of the 2001 lander,
Then, on December 3 1999, MPL was lost during EDL. The probable cause of the
loss has been traced to premature shutdown of the descent engines, resniting from a
vulnerability of the software to transient signals, This software error was immediately
corrected and incorporated in the 2001 lander software. The loss of MPL without
being ahle to trace its exact crash scenario led the design of a black box that would be
incorporated to the 2001 lander. This led to the cancellation of several scientific
payloads to accommodate some space for it.

In March 2000, the failure review board of MPL came out with a list of
recommendations for the 2001 Lander. Following these recommendations, a “return
to flight™ board held for the 2001 Lander. As no clear statement for the launch of the
2001 lander was given by this board, and probably due 10 the overall tight siteation,
NASA cancelled the 2001 lander.

In the next months, three options for the following 2003 mission emerged. A
Pathfinder-like rover mission, an orbiter mission, and an upgraded 01 lander, A short
time later, the latter option was dismissed for being “too high risk™. The scientific
payloads selected to fly with the 2001 Lander mission have been put on a waiting list,
wgether with the experiments that were part of MPL and could never produce
scientific data.

On the positive side, the 2001 orbiter mission called Odyssey remained on schedule,
and NASA has announced an exciting dual-rover mission for the 2003 launch
opportunity.

1.4.5 New f{light opportunities for MECA

MECA’s current architectnre necessitates a stable platform equipped with a robotic
arm and a camera to perform data analysis with all experiments.

Based on the missions designed by NASA, the earliest flight opportunity for MECA
{or a MECA follow-on) will be in 2007 where NASA proposes to develop and to
launch a long-range, long-duration mobile science laboratory that will be a major leap
in snrface measuremnents. The MECA payload would then be a precious tool to gain
information on size distribution, hardness and shape of the Martian dust and soil.
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1.5 Atomic Force Microscopy

The Atomic Force Microscope (AFM) has revealed itself as a reliable tool for
characterizing surface topography with nanometer resolution. It can be classified in
the family of scanning probe microscopy (SPM) methads, where a miniaturized probe
is scanned across the surface of a sample in a raster like manner (see Figure 1-11).

At each poiat on the sample (pixel), a certain physical signal is measured, and finally
reconstructed in a computer paint by point. Physical signals that have been used to
sense surfaces include electron tunnelling current, inter-atomic forces, photons,
capacitive coupling, electrostatic force, magnetic force, and frictional force.

In two prominent cases (scapning tunnelling microscope (STM)} and atomic force
microscapy), the sensing signals depend so strongly on the probe-substrate interaction
that changes in substrate height of as little as 0.0 nm can be detected. It was the
ability of the STM (0 image individual atoms on surfaces that won the inventors of the
STM the Nobel Prize for Physics in 1986 [71].

The fallowing section describes the basic working principle of an AFM. It also gives
an insight on common terrestrial apphication of AFM and describes different design
options for building such an instrument.

1.5.1 AFM working principle

The AFM uses a sharp tip at the end of a soft cantilever to probe the topography of
the surface [72]. In most cases, the scanning principle relies on piezo-electric
deformation of a ceramic tube on which high voliages are applied. Generally, the tip
is scanned forward and backward over (he same line before stepping to the next.
Figure 1-11 shows an altermative way of scaoning where each line is either recorded
in forward or backward motion.

When using a feedback loop to keep a constani interaction between the tip and the
sample, an error signal, additionally to the topography signal, will be recorded. This
error sighal translates the ability of the closed loop system to keep a constant force on
the sample. The feedback loop is in most cases regulated by a Pi controller where the
proportional and integral factors of the systein can be adjusied {73).

Twa different techniques can be distinguished to sense the topography: static and
dynamic. Bath rely on the madification of the cantilever position due to influence of
the surface proximity:

Static mode

In static mode, the tip is in direct contact with the surface. This happens only when
the distance between the surfaces is very small. just outside the range at which
repulsive interactions become dominant, the force between the tip and the surface is
attractive, due to van der Waals interactions. Due to these interactions, the cantilever
is bended in one direction or the other when scanned over the surface. In constam
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force mode, this bending is kept at a constant value while scanning over the surface.
This is done by the scanner, which in addition to performing the X and Y motion,
controls and measures the Z deflection by a closed loop system, Figure 1-11 shows
the working principle for static mode detection. :

Dynamic mode

Alernately, to static mode, the cantilever is excited at its mechanical resonance.
When approaching the sample surface, the resonamce frequency as well as the
amplitude of the cantilever is lowered due to the force gradient present above the
sample surface. One of these two values (frequency, amplitude or phase} is kept
constant by the scanner by varying the height of the tip over the sample.

Dynamic mode has the advantage that lateral forces between the tip and the sample
are minimized. In ¢constant frequency mode, the phase shift between the driving signal
and the datected signal is detected and kept constami by a phase locked loop (PLL)
[74).

Heighr position of the
scanning it recorded at
each pixel =>
TYopography

Cantilever kept at
a consiant bending

Remaining bending of
£ Constant force

the canrilever recorded
ar each pixel =>
Error signal

Sharp tip
Scanuing unit for probing the
X YandZ surface
displacement

Raster movemenr

Figure 1-11
AFM working principle described for siatic mode with closed loop for
constant force imaging.
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1.5.2 Fields of application

The main application of AFM is imaging of structures on a snb-micrometer to
nanometer scale, where optical microscopy is limited by light diffraction,

AFM is finding a variety of applications in semiconductor science and industry. For
example, it is nsed 10 examine wafer-cleaning methods, profiles of etched surfaces or
deposited films and for defect detection or fatlure analysis.

One of the advantages of AFM compared to 8TM is that it can image non-conducting
surfaces and be used at atmospheric pressnre and in water. Thus it was immediately
applied to biological systems, such as analysing and manipulating DNA and RNA,
chromosomes, cellular membranes, proteins and other biomaterials.

Another technological application is the mapping of magnetic fields by AFM. For this
function, the AFM, also called the magnetic force microscope (MFM), nses a
magnetic tip to sense the magnetic tip-sample force or its gradient. This technique can
be used 1o create data storage devices,

Similarly, electrical fields can be mapped with the AFM. To this purpose, the tip is
generally charged, and the tip senses an electrical force. Thus the AFM can be
operated as a potentiometer that maps the voltage gradient on a surface on a scale of a
few tens of nanometers,

1.5.3 AFM design concepts

Several methods can be nsed to detect the cantilever deflection. The detection
technique has a major impact on the overall instrument architecture and on the
possibility to operate the instrument anionomously.

Optical sensing concept:

In most cases, atomic force microscopes have a force detection sysiem based on
optical laser deflection, where the beam is trained on the back surface of the
cantilever and the reflected beam is seat to a 4-quadrant photodiode. Due to the
macroscopic length of the reflected light path, any deflection of the cantilever causes
a magnified lateral displacement of the reflected laser spot on the photodiode.

For this technique, as this detection system is quite space taking and heavy, it is
preferable to produce the scan movenment on the sample side rather than moving 1he
cantilever - detection system over the sample. Thus, the sample is monnted on the
XYZ swage, while tip, cantilever and detection system stay in place. As this design
necessitates alignment of the laser on the cantilever as well as on the alignment of the
reflected beam on the photodiode, it is less suitable for antomated operations.
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Piezoresistive sensing concept:

Another way to sense the cantilever deflection is based on piezoresistive detection.
This technique relies on the property of a crystalline material 1o change its resistivity
when exposed 10 shear stress [75]. Thus, the cantilever deflection can be sensed
electrically by measuring this resistivity change. 1mplementing such a piezoresistor on
the cantilever enables the microscope to have both force detection and XYZ scanning
on the instrument side, while the sample stays in place. Figure 1-12 illnstrates the
described differences.

Other detection concepts:

There are several other ways to sense the deflection of a cantilever, By implementing
a second, more rigid cantilever on top of the first one, playing the role of a counter-
elecirode, one can sense a capacitive change between the two lavers related to the
cantilever movement [76). Another method consists in implementing interdigitated
commbs on the cantilever edges. By using electrostatic effecis between the moving
combs, the cantilever deflection can be related to the changing electrical potential
[77]. Both techniques (capacitive and electrostatic) can also be used io actuate the
cantilever to produce the feedback control or excite the cantilever at its mechanical
resonance.

#-quadrant
photodiode

Piezoresistor

Sampie scanned over the 1ip Tip scanned over the sample

Figure 1-12
Architecture and scanning movement comparison between loser detection (left) and
piezo-resistive detection (right).
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1.6 MEMS for space

Micro-Electromechanical Systems (MEMS) is the integratien of mechanical elements,
sensors, actuators, and electronics on a common silicon substrate through the
ntilization of microfabrication technolegy. Manufacturing of MEMS has its origins in
Integrated Circuit (IC) processing. 1t has progressed from that 10 more sophisticated
processes driven by the need to create 3-D features.

In the past 20 years, the market for MEMS has increased drastically due to its small
size, robust mechanical properties and sensitivity for measuring physical signals. The
antemotive, medical and communication industry has already implemented MEMS
component successfolly.

In the space industry, in particular for nen-commercial applications, the
implementation of new technologies always takes a longer time. The biggest issue for
space engineers is to match the interfaces between existing macromechanical systems
and the much smaller MEMS components.

1.6.1 MEMS for satellites

The use of MEMS (o implement ultra-miniatorized spacecraft subsysiems can
potentially address the requiremments for shock survivability, radiation tolerance, low-
power consumption and mass and velnme constraints. They will be the key for new
commercial space activities since they enhance the payload / total mass ratio at lannch
for instance of telecommunication satellites. Teday’s commercial satellites have a
total mass of several thousands of kilograms. Future satellites will focus on smaller
mass by keeping or increasing its functionality. The following terminelogy relating
the satellite te its mass is commoenly used:

Small satellite: < 1000kg
Microsatellite: < 100kg
Nanosatellite: < 10kg
Picosatellite: < 1kg

lust as with the insertion of new technolegies inie the commercial secior, the
development of technologies for space applications faces significant challenges in
ultimately being inserted into space missions. This will be done in two steps: on a
short term, by widely spreading MEMS components within state of the an satellites
and its subsystems, in a longer term, by reconsidering the satellite itself and build
fully integrated micro or nanosatellites. The ultimate goal is to batch process those
satellites and have them communicate in a network. A cluster of many satellites will
reduce the risk of mission failure and increase mission flexibility. The use of teday’s
space telescopes with large mirrors might one day be replaced by a myrad of
satellites collecting the same amount of light and producing even sharper images. The
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nse of pico-satellites for extremely agile, launch-on-demand and short-term missions
for security and defence purpose will be another hot topic.

Some of the MEMS components necessary to realize this vision are already present in
today’s market, Navigation components like gyvroscopes and accelerometers have
been successfully implemented by the awtomative industry. RF components and
optical switches based on MEMS are nsed in the communication industry and can be
a starting point for developing communication systems in space.

Other macroscopic camponents present on today's satellites will have to be
completely re-invented on the micro scale. This is the case for power supplies, data
storage and particularly propulsion systems. An additional challenge consists in
realizing the interconnections hetween these small elements and to encapsulaie them
in a space compatible manner.

1.6.2 MEMS for Planetary exploration

Space cxploration in the coming century will emphasize an cost effectiveness and
highly focused mission objectives. MEMS will be one of the enabling technologies to
create small cost, ulra-miniaturized, robust, and funcionally focused spacecraft for
both robotic and human exploration programs. MEMS sensors measuring physical
values like pressure, temperature or displacements have proven 1o be reiiable tools for
earthbound applications. Due to their small size and weight, they are also ideal
componens for space instraments to be sent to foreign planets.

Today, every kilogram sent ta Mars costs abont $1 million. The potential of sending a
fully integrated spacecrafl weighing a few tens of kilograms instead of the thonsands
af kilos will offer significant monelary benefits.
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Chapter 2

e. FAMARS DESIGN

The realization of the AFM instrument has been the resnlt of a very close
collaboration between three different pariners: The company Nanosutf AG (NS), The
Institiee of Fhysics of the University of Basel (JFP) and the institute of
Microtechnology of the University of Nenchétel (IMT). The task distribntion between
the partners was the following:

The electronics design, assembly and characterization has been realized by IFP in
collaboration with NS. The scanner design and parts fabrication has been performed
by NS. The assembly, optimisation and characterization of the scanner have been
done by myself at IMT. The design of the first generation sensor array has been the
task of Terunobu Akiyama fram IMT. The microfabrication of this first generation, as
well as the redesign and FE analysis has been performed by myself in collaberation
with T. Akiyama. The implementation of the instrument into the payload MECA has
been performed by myself in collaboration with Tom Pike from JPL.

The first section of this chapter describes the different limitations to render the
instrument space compatible. Section 2, 3 and 4 describe the critical design steps and
the architecture for each sub-compenent of the microscope.

The software that drives the instrument is based on antonomous operation schemes
that were developed to face the communication delay between Earth and Mars.
Section 3 of this chapter highlights basic sequences of antcnomous cperation,

Finally, the instrument characterization and environmental testing as well as the
mission plan on Mars are described in section 6. [1, 2, 3,4, 5, 6, 7, 8].

2.1 Space qualification requnirements

2.1.1 Weight, mass and power

Launch-costs for space missions are proportional 10 weight and volume. Each payload
has a certain mass and space allecate on the lander platform. The initial mass
allocation for the AFM is 250g for instrument and electronics. As the AFM will sit
right in from of the optical microscope of MECA (sec § 1.4.3) to allow overlapping of
optical and AFM images, its volume was very limited (3 x 5 x 1.5 cm). By keeping
the total mass of the FAMARS instrument as low as possible, constraints could be
relaxed for other components of MECA. The total mass allocated for MECA is 8.5
Kg. During daytime operations, MECA will not exceed 15 W, which will allow
simultaneons operation with cther payloads.
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2.1.2  Shock and vibration

The instrument will be exposed to random vibrations during the launch of the Delta 2
rocket and 1o high shocks during the separation of the launcher from the cruise stage,
and during the separation of the back shell before entering the atmosphere of Mars
[9). In its cruise configuration, the lander is divided into different zones like the
bottom cover, the instrument and component deck, the cruise stage and the aero shell
environment. Each zone will behave differently nnder random vibration and shock.
Thus, protoflight and acceptance levels are specified for each zone separately.

2.1.3 Temperature and pressure

The temperarure range 0 which the instrument will be exposed is very large. Storage
temperatures on Earth before launch go up to 50°C to account for heating effects
during functionality tests in laench configuration. On the other extreme, the night
temperatures on Mars will go down (o ~120°C. Thus, the instrument will be exposed
to repeated temperamres cycles with high amplitnde (typically 100°C). The
temperatures for operation during Martian daytimes will range from +20°C to —40°C
[9].

During cruise, certain materials will ontgas due o the vacunm that reigns in space.
Molecules will come-out of scme polymers because of the low molecnlar weight and
their higher vapour pressure. Thues, only space-gualified materials with low
outgassing coefficients conld be nsed to build the FAMARS instrument.

The pressure on Mars is hundred times smaller than on Earth. This characteristic is
important when considering electrostatic discharge and arcing due to the generation of
high voltages. The AFM power requirement was therefore limited to iow voltages.

2.1.4 Radiation

The radiation coming from space is composed of solar flare radiation and cosmic
rays. Most of a solar flare’s energy is in alpha and beta particles, which can be
stopped with a few centimeters of shielding. Cosmic rays consist of heavy, slow-
nmioving atomic nuclei that can do far more dainage than alpha and beta particles. This
radiation requires several meters of shiekling for complete blockage. Heavy ions
come from all directions at all times, enlike the bref solar flares that last anly a few
hours or days.

Although the Martian atmosphere does not have a magnetic field like Earth, its
atmosphere provides significant shielding from the solar flare radiation. For a
shielding thickness of 570 pum of aluminum, the total dose radiation is reduced by a
factor of almost 200 compared te outer space. In outer space, the total dose behind a
2.54 mm thick aluminum shielding is 1.43 kRads per year of crujse. Radiation hard
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components with specifications up to 1000 kRads can therefore be used 10 shield the
electronic circuitry during cruise and on Mars.

The single event radiation levels on the sorface of Mars produced by heavy ions
depend on the linear energy transfer in the matter (LET) expressed in MeV/(mg/cm®).
For radiation hard components with a typical LET threshold of 35, the number of
single event upsets per cm” and per day is 2 E°, whereas the number of single event
latch-ups is considered to be zero.

2.1.5 Autonomy

Another limitation is due (o the celative position of the lander, the communication
satellite around Mars, and Earth, Commands to the Mars Lander can be sent only
twice every day. No direct imteraction with the payloads is possible since the
communication delay will range from 8 to 20 minutes. This restriction significantly
influences the measuring protocol and the software that runs the instument.
Autcnomous operation concepts had to be developed to meet these requirements,

2.1.6 Planetary protection

During assenibly of the AFM, special means had to be used to meet the planetary
protection requirements [10]. These requirements provide a biological contamination
control for planetary spacecrafts, M is specifically directed to the control of terrestrial
contamination associated with robotic missions intended to land on a foreign planet.
Protection of the planetary environment facilitates also exobiological investigations of
Mars by minimizing the possibility that an exobiological finding would have
originated on Earth.

2.2 AFM chip design

The principal function of the AFM chip is the precise sensing of the wopography of the
surface. To do so, it requires a sharp tip and a cantilever with a small spring constant.
A high resonance frequency of the cantilever will allow a faster scanning speed and
make the probe less sensilive (o parasitic vibrations, which are ofien in the low
frequency range. Additionally, the deflection read-out technique must be as less space
taking as possible. Finally, the design of a whole array of cantilevers is necessary to
give the instrument some redundancy in case of a broken cantilever or a dull tip.
These challenges led to the conclusion that only micro-fabrication techniques for
shaping mono-crystalline silicon could meet those requirements. The following points
highli ght the advantages of microfabrication:
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Figure 2-5
Process-flow chart of AFM chip:

a)  Thermal oxide, lithography, oxide erching, KOH etching.

b} CVD P3G deposition, CVD oxide deposition, Lithography, Oxide
etching, Implantation, removing resist, CVD oxide deposition, thermal
treatment {950°C, 30 min. ).

c)  Oxide etching.

d)  CVD oxide deposition.

e)  Lithography, Comact hole opening, Al evaporation, Lithography, Al
etching.

D Plasma SiN deposition, Lithography, SiN Plasma etching.

g} Lithography, Oxide etching, Topside 5i etching.

h)  Froni side lithography, backside lithography, backside DRIE etching,

I} Oxide erching.

2.3 AFM scanner design

2.3.1 Iuitial requirements

The key properties for the AFM scanner have to be, as for the sibcon chip, small size,
low power consumption and shock resistance. The instrument will measure airborne
and soil particles with sizes up to 3 micrometers. Thus, the scanner will require an X-
Y range of 30 to 40 um 1o be able 1o image several particles cn a single image or, in
case of a lJow particle density on the substrate, 10 increase the chance of hinting a
particle.

Since the exact chemical composition and surface properties of the particles are not
known, their behaviour on the different substrates of the sample wheel of MECA
might change. As the Martian atmosphere is very dry, the particles are unlikely to
coagulate due 10 water molecules at their interface. However, dust particles might pile
up on each other due to electrostatic charging. Therefore, the scanner will require a
large stroke perpendicular to the sample plane to account for such 3 dimensicnal
piles. If the siroke in Z-direction is too small, the scanner will not be able 1o keep a
constant bending on the cantilever and the tip wounld be scraped over the particles. A
minimum stroke of 10 wm has been specified as an initial requirement.

Earth-bound AFM designs commonly utilize piezo-ceramic actuators for scanning
areas of several tens of micrometers. These piezo-ceramic tubes are rather bulky and
brittle and necessitate driving voltages of over 100V 1o produce these large strokes.
This 1ype of actuation could therefore not be used 10 produce the specified scan size
since voltages higher than 30V would ionise the Martian carbon dioxide atmosphere
and create electrical discharge on the elecwonic circuits. A different technique based
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on electromagnetic actuation has therefore been proposed by our project partner' to
reduce the supply voltage to 12V. The assembly and testing and optimisation of the
device have been performed at IMT.

2.3.2 Scanning technique

The FAMARS scanner is based on three electromagnetic actuators fixed on a
platform in 2 triangular configuration. This platform, employed to move the sensor
array in three dimensions, has been jointly developed with our project partner'. Each
actuator consists of an electromagnetic coil and a leaf spring suspended permanent
magnet. The coils are driven by current sources on the electronic board. Passing a
current through a coil will attract or repel the magnet and move the platform around
an axe defined by the 2 opposite coils. By supplying the correct currents to the ¢oils,
one can describe a motion in spherical coordinates at the AFM tip position. In a first
approximation, by considering small displacements, the curved x-y-z motion
produced by the platform is linear and orthogonal. Figure 2-6 shows a schematic of
the scanning principle. Figure 2-7 a) shows the shape of the actuated platform and the
leaf-spring suspension.

’ffl
@) “ i Substrate b)

orientation ‘

i
1
L]
1
I
I
I
]

AFM chip

Figure 2-6
a)  Schematic view of the scanning principle. 3 magnets are placed int a triangular
configuration and anached io a spring-loaded platform. A coil is placed under
each magnet to actuate the plaiform.
b) In afirst approximation, by considering small dispiacements, the curved x-y-
z motion produced by the platform at the AFM tip location is linear.

! Nanosurf AG, Liestal, Switzerland.
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The AFM chip is glued vertically in front of the scanner with the AFM tips facing the
substrale. It is mounted with two tilt angles relative to the substraie so that only the
far right tip is in contact with the surface (see Figure 2-7 ¢). For vibrating the.
cantilevers in dynamic mode operation, a small piezo-¢lectric disk has been mounted
on the backside of the chip holder.

2.3.2.1 Damping of the platform

Passive damping is provided by a film of viscous grease' applied on the top of the
leaf-springs. The grease had to fit certain criteria to be space compatible. In
particular, outgassing factors had to be very low and the viscosity change with
temperature had to be kept as small as possible.

The grease viscosity influences significanily the scanning behaviour of the AFM. If
the viscosity is too high, the scanning speed needs to be decreased to prevent creep
effects and distortion of the scan area. The feedback loop regulating the height of the
cantilever is influenced by a too high viscosity as well.

If the viscosity is too low, the damping effect of the platform is reduced. Small
vibrations detected by the AFM sensor will be fed back to the coil controlling the out-
of-plane motion and will amplify the noise produced by the vibrations. Thus, the
stability of the feedback loop for constant force measurements is disturbed.

23.3 Scanner assembly

Assembly of the scanner parts has been done in a ¢lean environment 10 meet the
planetary protection requirements specified in [10].

Connections from the electronic board to the AFM chip, the cails and the piezo-
electric disk are provided by a capton flex-print. Il is glued to the different aluminium
layers constituting the scanner. To prevent stiffening of the suspended platform by the
caplon connections, the flex-print is cut at the interface and replaced by thin soldered
wires (see Figure 2-7 d). Other electrical paths present on the flex-print are connecled
1o the coils and the scanner box for grounding (Figure 2-7 e).

Before mounting the AFM chip, the scanner is connected to the electronics to check
for orthogonal scanning movements. The platforn movement is characterized under a
microscope. Further testing of 1he scanning behaviour is described in §2.6.2.
Traditional wire bonding and encapsulation is used to connect the AFM chip to the
flex-print (see Figure 2-7 b). The electrical connections to the AFM chip and the
curreni coils were characterized with resistivity measorements. The scanmer has an
overall size of only 12mm x 18mm x 24mm and weights 15g. Figure 2-7 ) shows 2
front view of the scanner with mounted AFM chip.

! Apiezon N, Apiezon products M&I materials LTD, Manchester, UK.
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2.4 AFM electronics

The electronics consist of distinctive modules to address the different functional tasks
of the AFM. An amplifying circuit in a Wheatstone bridge configuration is used to
measure the resistivity change of the piezoresistor integrated on the cantilever. A
multiplexer is implemented on the electronic board to allow for switching from one
cantilever to the next when performing a tip exchange. The design and fabrication of
the electronics has been performed by our project partner'. Figure 2-8 shows the
schematic of the circuit,

In static mode operation, the amplified deflection signal is converted to numeric
information by means of an ADC circuit. 1t is wsed in the digital feedback circuit for
constant force operation. In dynamic mode operation, a direct digital synthesizer
(DDS) is used as a frequency generator to vibrate the cantilever. A phase lecked loop
circuit (PLL) is used to detect the resonance frequency of a cantilever [16].

The scanner motion is also digitally controlled in order to easily adjust the scan-size
and orjentation via simple numerical commands. Three DAC circuits convert the
signals to drive the current sources for the scan-coils. Additionally to the scanning
signals, the feedback signal is added on the coil that drives the Z direction of the
scanner. Fipure 2-9 illustrates the described modules.

All logic circuits are realized in two field programmable gate arrays (FPGA). The
heart of the electronics is & dedicated microcomputer system. On power-up, the
measurement software is antomatically downloaded from the lander computer. All
communication between the comtroller and the lander computer is done through a
serial interface. This architecture simplifies interaction with the lander and assures a
great autonomy of the AFM as the lander sends simple commands to request the AFM
to take an image. The elecironic circuit has a maximum power consumption of 3.3

walls.
Ror

| FRPTR o

Ryt AR

Gnd Amplifier

\
V= A, (A""

| R J
Figure 2-8
Whearstone bridge circuit 1o convert the resistivity-change of the senor array into
DC-voltage. The grey components are implemented on the AFM chip whereas the
black components are implemented on the electronics.

! Electronics department, University of Basel, Switzerland.
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Flexprint
Electronic board connections  Arp

Wheatstone- Multiplexer
bridge Amplifier

) . Piezo-electric
PLL Detection DDS Oscillator disk

Microprocessor Current scurces

Figure 2-9
Schematic view of the eiectronic modiiies necessary to drive the AFM.

2.4.1 Singie Event Upset (SEU) protection circuit

On Mars, the solar radiation and bombardment with heavy ions is much less shielded
than on Earth, as no magnetic field is present to shield the planet’s surface. Different
damages can be induced by single event upsets (SEU). If a heavy ion hits a register
cell, the stored information can be falsified. To secure the data, a triple voting circuit
has been implemented. Each data bit is stored in 3 independent registers and checked
by a voting cell. The output of the voting cell always reflects the majority of its
mputs. All importang register cells in the programmable logic chips are implemented
in this way. With such a design mle the failure rate can be reduced by a factor of
1,000 to 10,000. Figure 2-10 a) illustrates the described protection circuit.

a) b
3 register cells )

SEL protecior

Voting cell

Cell corrupted by an SEU

Figure 2-10
a} Principle of the SEU protection circuil.
b) Principle of the SEL protection circuit.

60



Chapier 2

2.4.2 Single Event Latch-up (SEL) protection circuit

A more severe hawdware failure called single event latch-up (SEL) can occur in
certain CMOS chips. If a conducting path is opened between a power line and ground
by a sudden jonisation due to heavy ion impact, a high current will fiow throngh tkis
path and destroy the CMOS chip by overheating. As not all electronic components are
radiation hard, a protection circuit has been implemented to prevent these SEL from
harming the electronic compaonents. This module measures the current consumption
on all power lines of the card, and immediately shuts down the power if a too high
current surge is detected. A short time later, the power is switched on again and the
board returns to its wnormal function after having again downloaded the
micraprocessor program, Figure 2-10 b} illustrates the described protection circuit.

2.5 AFM Software

The following operation concepts have been developed for the flight software that
will be implemented on the lander computer. As the AFM electronics already has its
own processor ta drive the instrument, a higher communication level based on serial
protocol will link the lander computer to the AFM. The command dictionary to drive
the AFM can be found in [17). The connection with the electronics of MECA limits
itself to a single wire, which tells the sample wheel to stop its approach when the
AFM is in contact.

2.5.1 Operation schemes

The command dictionary of the flight software for the AFM consists of block level
and high level commands. Black level command will permit a flexible operation
sequence by putting together operation blocks. These commands will be very useful
when quick decisions need to be taken to react on the actual instument status and the
first measurements will be sent back during the mission. High-level commands
consist mainly of a fixed sequence of black levels and will be implemented to permit
a safer imaging and to increase the scientific relevance of the images.

Both types of commands use arguments and paramelers to specily certain operational
variables. Arguments are directly specified with the command itself for quick
adjustment of frequently changing variables. Paraneters are values considered to stay
sufficiently constant to be stored in look-op tables. The following sections give an
overview of the different types of block level commands and the high level command
called AFM_Autoimage,
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2.5.1.1 Block level commands

The block Yevel commands comprehend basic inittalising sequences and health checks
for static and dynamic mode, which set up the instrument for an approach. Several
images with different sizes can then be taken subsequently on the same substrate.
Figure 2-11 iMstrales the possible operation schemes using block level commands.

AFM_Boot:

This command downloads the software code for the AFM electronics. This is done
every time the power of the AFM is switched on. It comprises parameters that specify
the X, Y and Z offset relative to the center position of lhe scanrer to eventually avoid
a previously detected distorted scan area.

Stage_Move:

Nat part of the AFM command dictionary but mentioned here for completeness. This
command rotates the sample wheel to the selected substrate and moves it (o a defined
position relative to the AFM, i.e. to the focus position of the optical microscepe. It has
3 arguments for substrate nomber, mxmber of steps relative to the AFM and direction.

AFM_Test_Tips:

This heaith check performs an initialisation of the Wheatstone bridge (see § 2.4) for
every piezoresistor and compares the retumed voltages to nominal values stored in
look-up tables. It then analyses the thermal drifts and noise-level of each sensor. A
message characterizing the status of each sensor is then generated. 11 is then decided if
the cantilever is ready to perform an approach and measure an image. If not,
depending on the specified operation, either the AFM_break_tip command or the
AFM_abort subroutine is executed.

AFM_Freq_Test:

This health check performs a dynamic initialisation of the current cantilever using
specified values stored in look-up tables. 11 measures the cantilever’s resonance
frequency and amplitude, It then decides if the resonance amplitude is high enough to
perform s approach and measure an image. Different messages will be generated that
will describe the status of the current cantilever. if ne dynamic mode imaging is
possible due 1o a too low signal, it will either juinp to the static mede initialisation or
execute the AFM_abort sequence.

AFM_Approach:

This command approaches the stage to the AFM. The approach is stopped as soon as
the active cantilever detects a deflection.

If, for non-deterministic reasons, the cantilever does not detect the approaching
sample, the wheel needs to be stopped before crashing into the remaining tips of the
AFM. Therefore, a maximum number of overshoot steps will be performed by the
sample wheel, Since the distance between the optical microscope and the AFM tips is
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constant, optical calibration based on the focus position of the optical microscope will
be performed on earth to define the exact distance of each sample relative to the
cantilevers. This optical focus position is also used as a starting point for the AFM
approach since it is the closest distance to the AFM defined by a limit switch.

AFM_lmage:
This command takes an AFM image. It is very flexible due to numercus arguments
thal can be specified:

«  Measuremeni mode: static or dynamic

s Scan range: size of the image

+  Resolution: number of pixels

s Scanspeed: time for performing each scan line

s P [gain: feedback parameters of the closed loop system

«  Setpoint: specifies the force of the cantilever in static or the
phase shift relative 10 the driving signal in dynamic
mode operation

«  Samplemask: gspecifies the number of channels that will be
measured

s Fwdbk: specifies which scan direction should be recorded
(forward, backward or both)

s Compression: specifies an image compression facter for all returned
images

AFM_Abort:

This sub-routine aborts AFM operations in case of a failure mode. To be able (o leave
the AFM in a safe posilion after this command, it performs a check of the stage
positicn and moves the stage Lo safe position for rotations of the sample wheel.

AFM_End:
This command ends AFM operations afler a snccessful bleck sequence. 1t retracts the
scanner before moving the stage to its safe to rotate position.
